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CHAPTER 6. STABILITY EVALUATION AND DESIGN 

In t roduc t ion  

The a n a l y s i s  of e a r t h  channels wi th  acceptab le  l i m i t s  of s t a b i l i t y  i s  of 
primary importance t o  S o i l  Conservation Serv ice  a c t i v i t i e s .  The evalua- 
t i o n  o r  design o f - a n y  water conveyance system t h a t  inc ludes  e a r t h  channels 
r e q u i r e s  knowledge of t h e  r e l a t i o n s h i p s  between flowing water and t h e  e a r t h  
m a t e r i a l s  forming t h e  boundary of t h e  channel ,  a s  we l l  a s  an understanding 
of t h e  expected stream response when s t r u c t u r e s ,  l i n i n g ,  vege ta t ion ,  o r  
o t h e r  f e a t u r e s  a r e  imposed. These r e l a t i o n s h i p s  may be  t h e  c o n t r o l l i n g  
f a c t o r s  i n  determining channel alignment,  grade,  dimensioning of c r o s s  
s e c t i o n  and s e l e c t i o n  of design f e a t u r e s  t o  a s s u r e  t h e  ope ra t iona l  requi re -  
ments of t h e  system. 

The methods included he re in  t o  eva lua t e  channel s t a b i l i t y  a g a i n s t  t h e  flow 
f o r c e s  a r e  f o r  bare  e a r t h .  When eva lua t ions  i n d i c a t e  t h e  a b i l i t y  of t h e  
s o i l  i s  i n s u f f i c i e n t  t o  resist o r  t o l e r a t e  t h e  f o r c e s  appl ied  by t h e  flow 
under cons ide ra t ion  i t  may be necessary t o  cons ider  t h a t  t h e  channel has  
mobile boundaries .  The magnitude of t he  channel i n s t a b i l i t y  needs t o  be  
determined i n  o r d e r  t o  eva lua t e  whether o r  no t  v e g e t a t i v e  p r a c t i c e s  and/or  
s t r u c t u r a l  measures a r e  needed. Where such p r a c t i c e s  o r  measures a r e  
r equ i r ed ,  methods of a n a l y s i s  t h a t  app ropr i a t e ly  eva lua t e  t h e  s t ream's  
response should be  used. 

F igure  6-1 provides  genera l  guidance i n  s e l e c t i n g  eva lua t ion  procedures 
t h a t  apply t o  v a r i o u s  s i t e  condi t ions .  

A l l  terms used i n  t h i s  chapter  a r e  def ined  i n  t h e  g lossary  on page 6-87. 

S t a b i l i t y  Evaluat ion 

Methods p r e s e n t l y  used by t h e  SCS i n  t h e  eva lua t ion  of t h e  s t a b i l i t y  of 
e a r t h  channels a r e  based on t h e  fol lowing fundamental phys ica l  concepts.  

1. E s s e n t i a l l y  r i g i d  boundaries.  S t a b i l i t y  is  a t t a i n e d  when t h e  i n t e r -  
a c t i o n  between flow and t h e  m a t e r i a l  forming the channel boundary is 
such t h a t  t h e  s o i l  boundary e f f e c t i v e l y  r e s i s t s  t h e  e ros ive  e f f o r t s  
of t h e  flow. 

Where proper ly  evaluated and designed t h e  bed and banks i n  t h i s  c l a s s  
of channels  remains e s s e n t i a l l y  unchanged during a l l  s t ages  of flow. 
The p r i n c i p l e s  of hydraul ics  based on r i g i d  boundaries  a r e  a p p l i c a b l e  
i n  analyzing such channels.  

The procedures  descr ibed i n  t h i s  chapter  t h a t  a r e  based on t h i s  
d e f i n i t i o n  of s t a b i l i t y  a r e :  

a .  Allowable v e l o c i t y  approach. 

b. T r a c t t v e  s t r e s s  approach. 

c .  T r a c t i v e  power approach. 
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CHANNEL EVALUATION PROCEDURAL GUIDE 
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2. Mobile Boundaries. Stability is 
sediment enters the channel from 
of the channel to carry material 

attained when the rate at which 
upstream is equal to the capacity 
having the same composition as the 

incoming sediment. The bed and the banks of the channel are mobile 

and may vary somewhat from designed position. Stability in such 
channels may be determined by methods that use the principles of flow 
in channels with movable boundaries. 

The procedures described in this chapter that are based on this 
definition of stability are: 

a. Sediment Transport Approach. 

b. Modified ~egimei Approach. 

Procedure for Determining Sediment Concentration 

The stability of a channel is influenced by the concentration and physical 
characteristics of the sediment entering the channel and available for 
transport as bedload and in suspension. Procedures for computing sediment 
transport are described in NEH-3, Chapter 4 . z /  If clear water is not 
used, stream gage data when available and representing a wide range of 
flows are useful in predicting sediment loads. When the clear water 
procedure is not chosen and suitable data are not available, there is 
a method of making rough estimates of sediment loads presented in Geologic 
Note 2. 

Allowable Velocity Approach 

General 

This method of testing the erosion resistance of earth channels is based 
on data collected by several investigators. 

Figure 6-2 shows "Allowable Velocities for Unprotected Earth channels" 
developed chiefly from data by Fortier and scobeyal, ~an*', by 
investigators in the U. s . S  .~.26/ and others. The allowable velocities 
determined from Figure 6-2 refer to channels formed in earth with no 
vegetative or structural protection. The Fortier and Scobey data shown 
on Figure 6-2 were collected by the authors from engineers experienced 
in irrigation systems. The canals were well-seasoned, were on low 
gradients, and had flow depths of less than 3 feet. 

Stability is influenced by the concentration of fine material carried 
by the flow in suspension. There awe two distinct types of flow 
depending on concentration of material in suspension. 

1. Sediment free flow is defined as the condition in which fine material 
is carried in suspension by the flow at concentrations so low that it 
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has no effect on channel stability. Flows with concentrations 
lower than 1,000 pprn by weight are treated as sediment free flows. 

2. Sediment laden flow is the condition in which the flow carries fine 
material in suspension at moderate to high concentrations so that 
stability is enhanced either through replacement of dislodged particles 
or through formation of a protective cover as the result of settling. 
Flows in this class carry sediment in suspension at concentrations 
equal or larger than 20,000 pprn by weight. 

Estimation of the concentration of sediment in suspension is best 
made by sampling. See NEH, Section 3 for methods of sampling. If 
the concentration is not known from measurement, it can be estimated 
by the methods in Geologic Note 2. 

Sediment transport rates are usually expressed in tons per day. To 
convert them into concentration use the equation: 

Eq.  6-1 

See page 4-41 of NEH 3, Chapter 4, for conversion from concentration 
in parts per million to milligrams per liter. 

Depending on the type of soil, the effect of concentration of fine 
sediment (material smaller than 0.074 mm) in suspension on the allowable 
velocity is obtained from the curves on Figure 6-2. 

If the suspended sediment concentration equals or exceeds 20,000 pprn 
by weight, use the sediment laden curve on Figure 6-2. If the sus- 
pended sediment concentration is 1,000 pprn or less by weight, use the 
sediment free curve on Figure 6-2. A linear interpolation may be made 
between these curves for suspended sediment concentrations between 
1,000 pprn and 20,000 ppm. 

Adjustment in the basic velocity to reflect the modifying effects of 
frequency of runoff, curvature in alignment, bank slopes, density of 
bed and bank materials, and depth of flow are made using the adjustment 
curves on Figure 6-2. 

The alignment factor, A, and the depth factor, D, apply to all soil 
conditions. The bank slope factor, B, applies only to channels in 
soils that behave as discrete particles. The frequency correction, 
F, applies only to channels in soils that resist erosion as a coherent 
mass. The density correction factor, Ce, applies to all soil materials 
except clean sands and gravels (containing less than 5 percent material 
passing size #200). 



Figure 6-2 gives the correct ion f ac to r s  (F) f o r  frequencies of occurrence 
lower than 10  percent. Channels designed f o r  l e s s  frequent flows using 
t h i s  cor rec t ion  f ac to r  should be designed t o  be s t ab l e  a t  the 10 percent 
chance frequency discharge a s  wel l  a s  a t  the design discharge. 

I f  the s o i l s  along the channel boundary behave a s  d i s c r e t e  p a r t i c l e s  with 
DT5 l a rge r  than 0.4 nun f o r  sediment laden flow o r  l a rge r  than 2.0 mu f o r  
sediment f r e e  flow, the allowable ve loc i ty  i s  determined by adjust ing the 
basic  ve loc i ty  read from the  curves on Figure 6-2 f o r  the e f f e c t s  of 
alignment, bank slope, and depth. I f  the  s o i l s  behave a s  d i sc re t e  
p a r t i c l e s  and D T 5  i s  smaller than 0.4 mm f o r  sediment laden flow o r  
2.0 mm f o r  sediment f r e e  flow the  allowable ve loc i ty  is 2.0 fps .  For 
channels i n  these s o i l s  no adjustments a r e  t o  be made t o  the  basic  
ve loc i ty  of 2.0 fps.  

I n  cases where the s o i l s  i n  the  channel boundary r e s i s t  erosion a s  a 
coherent mass, the allowable ve loc i ty  i s  determined by adjust ing the  
basic ve loc i ty  from Figure 6-2 f o r  the  e f f e c t s  of depth, alignment, 
bank slope, frequency of occurrence of design flow, and fo r  t he  densi ty  
of the boundary s o i l  mater ials .  

Design Procedure f o r  Allowable Velocity Approach 

The use of t h e  allowable ve loc i ty  approach i n  checking the  s t a b i l i t y  of 
ea r th  channels involves bhe f ollou5ng s teps  : 

1. Determine the  hydraulics of the  system. This includes hydrologic 
determinations a s  well  a s  t he  stage-discharge re la t ionships  f o r  the  
channel considered. The procedures t o  be used i n  t h i s  s tep  a r e  
included i n  Chapter 4 and Chapter 5 of t h i s  Technical Release. 

2. Determine the  proper t ies  of the  e a r t h  mater ia l s  forming the  banks and 
bed of the design reach and of t he  channel upstream. 

3. Determine sediment y ie ld  t o  reach and ca lcu la te  sediment concentration 
f o r  design flow. 

4. Check t o  s ee  i f  the  allowable ve loc i ty  procedure is applicable.  Use 
Figure 6-1. 

5. Compare the  design ve loc i t i e s  with the allowable v e l o c i t i e s  from 
Figure 6-2 f o r  the mater ials  forming the  channel boundary. 

6. I f  the allowable ve loc i t i e s  a r e  l e s s  than design ve loc i t i e s ,  i t  may be 
necessary t o  consider a mobile boundary condition and evaluate the  channel 
using appropriate  sediment t ranspor t  theory, 

Examples of Allowable Velocity Approach 

Example 6-1 

Given: A channel is t o  be constructed t o  convey the  flow from a 2 percent 
chance flood through an in tens ive ly  cu l t iva ted  area.  The hydraulics of the  



system i n d i c a t e  t h a t  a  t r apezo ida l  channel wi th  2 : l  s i d e  s lopes  and a  
40 f o o t  bottom width w i l l  c a r r y  t h e  design flow a t  a depth of 8.7 f e e t  
and a  v e l o c i t y  of 5.45 fps .  S o i l  i n v e s t i g a t i o n s  r e v e a l  t h a t  t h e  channel 
w i l l  be excavated i n  a  moderately rounded c l ean  sandy g rave l  wi th  a D 7 ~  
s i z e  of 2.25 inches.  Sampling of s o i l s  i n  t h e  dra inage  a r e a  and e s t ima te  
of e ros ion  and sediment y i e l d  i n d i c a t e  t h a t  on an average annual b a s i s  
approximately 1000 tons  of sediment f i n e r  than  1 . 0  mm. and 20 tons  of 
m a t e r i a l  coa r se r  than 1 . 0  rnm a r e  a v a i l a b l e  f o r  t r a n s p o r t  i n  channel.  The 
amount of abras ion  r e s u l t i n g  from t h e  t r anspor t ing  of t h i s  small  amount of 
sediment coa r se r  than  1 .0  mm. i s  considered i n s i g n i f i c a n t .  Sediment t r ans -  
p o r t  computations i n d i c a t e  a l l  of t h e  sediment suppl ied  t o  t he  channel w i l l  
be  t ranspor ted  through the  reach.  The sediment t r a n s p o r t  and hydrologic  
eva lua t ions  i n d i c a t e  t h e  design f low w i l l  t r a n s p o r t  t h e  a v a i l a b l e  sediment 
a t  a  concent ra t ion  of about 500 ppm. The channel is  s t r a i g h t  except f o r  
one curve wi th  a  r ad ius  of 600 f e e t .  

Determine : 

1. The a l lowable  v e l o c i t y ,  Va 

2. The s t a b i l i t y  of t h e  reach.  

Solu t ion :  Determine b a s i c  v e l o c i t y  from Figure 6-2, sediment f r e e  curve 
because sediment concent ra t ion  of 500 ppm is l e s s  than 1,000 ppm. 

Vb = 6.7 f p s  

Depth c o r r e c t i o n  f a c t o r ,  D = 1.22 (from Figure  6-2) 

Bank s lope  co r r ec t ion ,  B = 0.72 (from Figure 6-2) 

Alignment co r r ec t ion  A 

curve r ad ius  - .- - 6C)o = 8 - 0 2  
water su r f ace  width 74.8 

A = 0.89 (from Figure  6-2) 

Densi ty  co r r ec t ion ,  Ce ,  does no t  apply 

Frequency c o r r e c t i o n ,  F, does not  apply 

Va = VbDB = (6.7)(1.22)(0.72) s t r a i g h t  reaches 

= 5.88 f p s  

Va = VbDBA = (6.7)(1.22)(0.72) (0.89) curved reach  

= 5.24 f p s  



The proposed design velocity of 5.45 fps is less than Va = 5.88 fps in the 
straight reaches but greater than Va = 5.24 fps in the curved reaches. 
Either the channel alignment or geometry needs to be altered or the curve 
needs structural protection. 

Example 6-2 

Given: A channel is to be constructed to convey the flow from a 2 percent 
chance flood through an intensively cultivated area. The hydraulics of the 
system indicate that a trapezoidal channel with 2:l side slopes and a 40 
foot bottom width will carry the design flow at a depth of 8.7 feet and a 
velocity of 5.45 fps. The channel is to be excavated into a silty clay CL 
soil with a Plasticity Index of 18, a dry density of 92 pcf, and a specific 
gravity of 2.71. Sediment transport evaluations indicate the design flow 
will have a fairly stable sediment concentration of about 500 ppm. with 
essentially no bed material load larger than 1.0 mm. The channel is straight 
except for one curve with a radius of 600 feet. The 10 percent chance flood 
results in a depth of flow of 7.4 feet and a velocity of 4.93 fps. 

Determine : 

1. The allowable velocity, V, 

2. The stability of the reach. 

Solution: Sediment concentration of 500 ppm is less than 1,000 ppm 
therefore it is classed as sediment free flow. 

Vb = 3.7 fps (from Figure 6-2) 

for the 2 percent chance flood 

Depth correction, D = 1.22 (from Figure 6-2) 

Density correction, compute e. 

Ce = 1.0 (from Figure 6-2) 

Frequency correction, F = 1.5 (from Figure 6-2) 

Alignment correction A 

Curve radius - - 
water surface width 6oo = 8.02 

74.8 

A = 0.89 (from Figure 6-2) 



V, = VbDCeF S t r a i g h t  reach 

V, = (3.7)(1.22)(1.0)(1.5) = 6.77 f p s  

Va = VbDCeFA Curved reach 

The design ve loc i ty  is l e s s  than t h e  allowable ve loc i ty  f o r  t he  2 percent 
chance flow. Check the  10  percent chance flow v e l o c i t y  with no frequency 
cor rec t ion  aga ins t  t h e  allowable v e l o c i t y  f o r  t he  10 percent  chance flow. 

Va = VbDCe S t r a igh t  reaches 

Va = (3.7)(1.19)(1.0) = 4.40 f p s  

V = VbDCeA Curved reaches a 
V, = (3.7)(1.19)(1.0):(0.90) = 3.96 f p s  

The allowable ve loc i ty  with no frequency cor rec t ion  is exceeded by the  
10 percent chance flow ve loc i ty .  An evaluat ion should be  made t o  est imate 
t he  magnitude of scour o r  poss ib le  depth of scour before an armor is formed 
(See page 6-30). Using t h i s  procedure i n  conjunction with the  appropriate  
s e d i ~ e n t  t r anspor t  equations, t he  magnitude of i n s t a b i l i t y  can be evaluated. 
Channel alignment, s lope ,  o r  geometry must be a l t e r e d  o r  the  channel must 
be protected.  

Example 6-3 

Given: The same condit ions a s  i n  Example 6-1 except t h a t  the  suspended 
sediment concentrat ion is  30,000 ppm. 

Determine : 

1. The allowable ve loc i ty ,  V, 

2. The s t a b i l i t y  of the  reach. 

Solution: The suspended sediment concentrat ion of 30,000 ppm i s  g rea t e r  
than 20,000 ppm. 

Therefore i t  is  c lassed  as sediment laden flow. 

Vb = 9.0 fps  (from Figure 6-2) 

Depth cor rec t ion  f a c t o r  D = 1.22 (From Figure 6-2) 

Bank Slope cor rec t ion  f a c t o r  B = 0.72 (From Figure 6-2) 

Alignment cor rec t ion  f a c t o r  A = 0.89 (From Figure 6-21 

Density cor rec t ion  f a c t o r ,  Ce does not  apply 

Frequency cor rec t ion  f a c t o r  F, does not  apply 



Va = VbDB = (9.0) (1.22) (0.72) = 7.91 f p s  f o r  s t r a i g h t  reaches 

Va = VbDBA = (9.0) (1.22) (0.72) (0.89) = 7.04 f p s  f o r  t h e  curved reach 

The proposed design v e l o c i t y  of 5.45 f p s  i s  l e s s  than V, = 7 .91  f p s ,  s t r a i g h t  
reaches  and Va = 7.04 f p s  i n  t h e  curved reaches.  This  reach of channel is 
considered t o  be s t a b l e  r e l a t i b e  t o  scour.  Use sediment t r a n s p o r t  equat ions  t o  
determine t h e  p o s s i b i l i t y  of channel aggradation.  

Example 6-4 

Given : 

1. Trapezoidal  channel t o  convey t h e  50 percent  chance f lood a t  bank f u l l  
flow. 

2. The 10-year peak discharge exceeds t h e  2-year peak by 30 percent ;  t h e  
10-year flow f o r  as-build cond i t ions  exceeds. bank f u l l  capaci ty .  

3. From design hydrau l ic  ca lcu la t ions :  

Bottom Width - 30 f t .  
Flow Depth = 9.0 f t .  (bank f u l l )  
Side  Slopes - 2:1 
n (aged condi t ion)  = 0.030 
n (as-bui l t  condi t ion)  = 0.025 
Veloci ty  (aged condi t ion)  = 3.3 f p s  (bank f u l l )  

4. Sharpest  C m e  = 350 f t .  r ad ius .  

5. Estimated sediment concentra t ion a t  design discharge = 2000 ppm. 

6. Two l a y e r s  of s o i l  material a r e  t o  be evaluated f o r  s t a b i l i t y .  The 
upper l a y e r  i s  c l a s s i f i e d  CL; t h e  p l a s t i c i t y  index is  1 5  and t h e  
void  r a t i o  i s  0.9. The lower l a y e r  is  c l a s s i f i e d  a s  a GM with a 
D75 p a r t i c l e  s i z e  of 10 mm. 

Determine : 

1. The a l lowable  v e l o c i t y  f o r  t h e  CL and GM mater ia l s .  

2. The s t a b i l i t y  of t h e  channel. 

So lu t ion  : 

1. CL Layer 

From Figure  6-2 f o r  coherent p a r t i c l e s ,  t h e  a l lowable  v e l o c i t y  = 
(bas ic  v e l o c i t y  )DAFC, 



Basic v e l o c i t y  f o r  sediment laden flow (20,000 ppm) = 4.75 fps .  

Basic v e l o c i t y  f o r  sediment f r e e  flow (1000 ppm) = 3.25 f p s .  

Basic v e l o c i t y  f o r  2000 ppm sediment concent ra t ion  (by l i n e a r  
i n t e r p o l a t i o n )  = 3.33 fps.  

Computations f o r  co r rec t ion  f a c t o r  A f o r  sharpes t  curve: 

Curve r ad ius  - -  - 350 = 5.3 
Water su r face  width 6  6 

Correct ion f a c t o r  F = 1.0 
Correct ion f a c t o r  A = 0.75 
Correct ion f a c t o r  D = 1.23 
Correct ion f a c t o r  Ce  = 0.97 

Allowable ve loc i ty  f o r  s t r a i g h t  channel = Va = VbDAFCe 
Va = ( 3 . 3 3 ) ( 1 . 2 3 ) ( 1 . 0 ) ( 1 . 0 ) ( 0 . 9 7 )  = 3.97 f p s  

This  i s  g r e a t e r  than  t h e  3.3 f p s  design value and t h e  
channel is s t a b l e  f o r  t h i s  condit ion.  

Allowable v e l o c i t y  f o r  sharpes t  curve = Va = VbDAFCe 
Va = (3.33)(1.23)(0.75)(1.0)(0.97) = 2.98 f p s  

This  is  l e s s  than  t h e  3.3 f p s  design va lue  and t h e  
channel i s  not  s t a b l e  f o r  t he  sha rpes t  curve. 

GM Layer 

From Figure 6-2, t h e a l l o w a b l e  v e l o c i t y  i s  Va = (vb) DAB 

Vb f o r  sediment laden flow (20,000 ppm) = 5.3 f t l s e c  

Vb f o r  sediment f r e e  flow (1,000 ppm) = 3.4 f t l s e c  

V f o r  2000 ppm sediment concent ra t ion  (by l i n e a r  i n t e r p o l a t i o n )  = b 
3.5 f t / s e c  

Correct ion f a c t o r  A = 0.75 (R = 350') 
Correct ion f a c t o r  D = 1.23 
Correct ion f a c t o r  B = 0.71 

Allowable v e l o c i t y  f o r  s t r a i g h t  channel 
V, = VbDAB = (3.5)(1.23)(1.0)(0.71) = 3.06 f p s  



Allowable velocity for sharpest curve 
Va = Vb DAB = (3.5)(1.25)(0.75)(0.71) = 2.29 fps 

Summary : 

The upper layer (CL) is stable for the straight sections and unstable 
for curve with a radius of 350 ft. 

The lower layer (GM) is unstable for both the straight and curved 
sect ions. 

This condition may need additional evaluation using the appropriate sediment 
transport equations. 

Tractive Stress Approach 

General 

The tractive force is the tangential pull of flowing water on the wetted 
channel boundary; it is equal to the total friction force that resists 
flow but acts in the opposite direction. Tractive stress is the tractive 
force per unit area of the boundary. The tractive force is expressed in 
units of pounds, while tractive stress is expressed in units of pounds per 
square foot. The tractive force in a prismatic channel reach is equal to 
the weight of the fluid prism multiplied by the energy gradient. 

The tractive stress approach to channel stability analysis provides a 
method to evaluate the stress at the interface between flowing water 
and the materials in the channel boundary. 

The method for obtaining the design or actual tractive stress acting on 
the bed or sides of a channel and the allowable tractive stress depends 
on the DT5 size of the materials inv lved. When coarse grained discrete 

2 57 particle soils are involved Lane1* method is used. When fine grained 
soils are inv lved, a method derived fr rn the work of Keulegan and modified 
by E i n s t e i ~ ~ ,  and Vanoni and is used. The separation size for 
this determination is D75 = 114 inch. 

Coarse-grained Discrete Particle Soils - Dg5 > 1/4 inch - Lane's Method 
A. Determination of Actual Tractive Stress 

1. Actual tractive stress in an infinitely wide channel. 

Generally, Manning's roughness coefficient n reflects the overall 
impedence to flow including grain rou ness, form roughness, vegeta- 

v 2 9  tion, curved alignment, etc. Lane s-- work showed that for soils 
with a D75 size between 0.25" (6.35mm) and 5.0" (127mm) the value 
of Manning's coefficient n resulting from the roughness of the soil 
particles is determined by: 

~ ~ ~ 1 1 6  
n = t with D,5 expressed in inches (Eq. 6-2) 
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The v a l u e  of n t  determined by e q u a t i o n  6-2 r e p r e s e n t s  t h e  
r e t a r d a n c e  t o  f low caused by roughness  of t h e  s o i l  g r a i n s .  

U s e  nt  from e q u a t i o n  6-2 a s  a f i r s t  s t e p  i n  t h e  p rocedure  i n  
NEH, S e c t i o n  5 ,  Supplement B t o  de te rmine  t h e  t o t a l  v a l u e  of 
Manning's c o e f f i c i e n t .  The v a l u e  of n t  from e q u a t i o n  6-2 can 
be  used n e x t  i n  e q u a t i o n  6-3 t o  compute s t ,  t h e  f r i c t i o n  g r a d i e n t  
a s s o c i a t e d  w i t h  t h e  p a r t i c u l a r  boundary m a t e r i a l  b e i n g  cons idered .  

The t r a c t i v e  s t r e s s  a c t i n g  on t h e  s o i l  g r a i n s  i n  an  i n f i n i t e l y  
wide channe l  is found by: 

( E q .  6 -4)  

where t h e  terms a r e  a s  d e f i n e d  i n  t h e  g l o s s a r y .  

2. D i s t r i b u t i o n  of t h e  t r a c t i v e  s t r e s s  a long  t h e  channe l  p e r i m e t e r :  

In open c h a n n e l s  t h e  t r a c t i v e  s t r e s s e s  a r e  n o t  d i s t r i b u t e d  
uniformly a l o n g  t h e  p e r i m e t e r .  Labora to ry  exper iments  and 
f i e l d  o b s e r v a t i o n s  have i n d i c a t e d  t h a t  i n  t r a p e z o i d a l  channe l s  
t h e  s t r e s s e s  a r e  v e r y  s m a l l  n e a r  t h e  wa te r  s u r f a c e  and n e a r  
t h e  c o r n e r s  of t h e  channel  and assume t h e i r  maximum v a l u e  n e a r  
t h e  c e n t e r  o f  t h e  bed. The maximum v a l u e  on t h e  banks o c c u r s  
n e a r  t h e  lower  t h i r d  p o i n t .  

F i g u r e  6-3 and 6-4 g i v e  t h e  maximum t r a c t i v e  s t r e s s e s  i n  a 
t r a p e z o i d a l  channel  i n  r e l a t i o n  t o  t h e  t r a c t i v e  s t r e s s  i n  
a n  i n f i n i t e l y  wide channel  having t h e  same d e p t h  of f low and 
v a l u e  of st .  

3.  T r a c t i v e  s t r e s s e s  on curved r e a c h e s :  

Curves i n  channe l s  cause  t h e  maximum t r a c t i v e  s t r e s s e s  t o  i n c r e a s e  
above t h o s e  i n  s t r a i g h t  channe l s .  The maximum t r a c t i v e  s t r e s s e s  
i n  a channe l  w i t h  a s i n g l e  curve  occur  on t h e  i n s i d e  bank i n  t h e  
upst ream p o r t i o n  of t h e  c u r v e  and n e a r  t h e  o u t e r  bank downstream 
from t h e  curve .  Compounding of c u r v e s  i n  a channel  compl ica tes  
t h e  f low p a t t e r n  and c a u s e s  a compounding of t h e  maximum t r a c t i v e  
s t r e s s e s .  

F i g u r e  6-5 g i v e s  v a l u e s  of maximum t r a c t i v e  s t r e s s e s  based on 
judgment coupled w i t h  v e r y  l i m i t e d  exper imenta l  d a t a .  It does  
n o t  show t h e  e f f e c t  of d e p t h  of f l o w  and l e n g t h  of curve  and 
i t s  u s e  is  o n l y  j u s t i f i e d  u n t i l  more a c c u r a t e  i n f o r m a t i o n  is  
o b t a i n e d .  F i g u r e  6-6 w i t h  a similar d e g r e e  o f  accuracy ,  g i v e s  
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t h e  maximum t r a c t i v e  s t r e s s e s  a t  v a r i o u s  d i s t a n c e s  downstream from 
t h e  curve .  

B. Allowable T r a c t i v e  S t r e s s  

The a l l o w a b l e  t r a c t i v e  s t r e s s  f o r  channe l  beds ,  T , composed of s o i l  
p a r t i c l e s  w i t h  d i s c r e t e ,  s i n g l e  g r a i n  behav ior  wikk a g iven  D75 i s :  

-r = 0.4 D75 
Lb 

When 0.25 i n .  < DT5 < 5.0 i n .  (Eq .  6-5) 

The a l l o w a b l e  t r a c t i v e  s t r e s s  f o r  channe l  s i d e s  T i s  l e s s  t h a n  t h a t  of Ls 
t h e  same m a t e r i a l  i n  t h e  bed of t h e  channe l  because  t h e  g r a v i t y  f o r c e  
a i d s  t h e  t r a c t i v e  s t r e s s  i n  moving t h e  m a t e r i a l s .  The a l l o w a b l e  t r a c t i v e  
stress f o r  channe l  s i d e s  composed o f  s o i l  p a r t i c l e s  behaving a s  d i s c r e t e  
s i n g l e  g r a i n  m a t e r i a l s ,  c o n s i d e r i n g  t h e  e f f e c t  of t h e  s i d e  s l o p e  z and 
t h e  a n g l e  of r e p o s e  4 w i t h  t h e  h o r i z o n t a l  i s  

R 

T = 0 .4  K D 7 5 .  . . . 0.25 i n .  < D75 < 5.0 i n .  (Eq.  6 - 6 )  
L s 

F i g u r e  6-7 g i v e s  a n  e v a l u a t i o n  of t h e  a n g l e s  o f  repose  corresponding 
t o  t h e  d e g r e e  of a n g u l a r i t y  of t h e  m a t e r i a l .  F i g u r e  6-8 g i v e s  v a l u e s  
of K from e q u a t i o n  6-7. 

When t h e  u n i t  weight ys of t h e  c o n s t i t u e n t s  of the  m a t e r i a l  having a  
g r a i n  s i z e  l a r g e r  t h a n  t h e  D75 s i z e  i s  s i g n i f i c a n t l y  d i f f e r e n t  t h a n  
160  l b / f t 3 ,  t h e  l i m i t i n g  t r a c t i v e  s t r e s s  T L ~  and TLS a s  g iven  by 
e q u a t i o n s  (6-5) and (6-6) shou ld  be m u l t i p l i e d  by t h e  f a c t o r .  

F i n e  :rained S o i l s  - D,, < 114 i n c h  - 

A. De te rmina t ion  of Actual  Tra .c t ive  S t r e s s  

1. Refe rence  t r a c t i v e  s t r e s s  

The e x p r e s s i o n  f o r  t h e  r e f e r e n c e  t r a c t i v e  s t r e s s  i s :  

r = y R s  
w t e  

(Eq.  6-9) 



HYDRAULICS : Channel s t o b i l ~ t y ;  angle of respose,&, for non-cohes~ve 
materials C 

D75 Par t i c le  s i ze  in n c h e s  

FIGURE 6-7 
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HYDRAULICS: Ch nnel s t a b i l i t y ;  l i m i t i n g  t r a c t i v e  s t ress  7' f o r  s ides o f  
$ rapemi  dal  channel s haw ng non-coheri ve m a k r i  a1 s  

FIGURE 6-8 



I n  a given s i t u a t i o n  y and se a r e  known s o  t h a t  the only  unknown 
i s  Rt .  The va lue  of Rt can be determined from t h e  logar i thmic  
f r i c t i o n a l  formula developed by Keulegan and modified by   in stein .ul 

v 
= 5.75 l o g  (12.27 Rt > (Eq. 6-10) 

g Rt Se 
k s 

ks is t h e  D65 s i z e  i n  f t .  

The f a c t o r  x i n  equat ion 6-10 desc r ibes  t h e  e f f e c t  on t h e  f r i c t i o n a l  
r e s i s t a n c e  of t h e  r a t i o  of t h e  c h a r a c t e r i s t i c  roughness l eng th  k, 
t o  t he  th i ckness  of t h e  laminar sublayer  6. This  th ickness  i s  
determined from t h e  equat ion 

(Eq. 6-11) 

A r e l a t i o n s h i p  between x and ks/6 has  been developed empi r i ca l ly  
by ~ i n s t e i z !  and represented  by a curve. With the he lp  of t h i s  
curve and equat ions  6-10 and 6-11 t h e  va lue  of Rt can be determined 
provided t h a t  V,  s e ,  ks and t h e  temperature of t h e  water  a r e  known. 
The computational s o l u t i o n  f o r  Rt fol lows an i t e r a t i v e  procedure 
which is  r a t h e r  involved. A s i m  l e r  g raph ica l  s o l u t i o n  has been 
developed by Vanoni and  brook^^ and t h e  b a s i c  family of curves 
t h a t  c o n s t i t u t e  i t ,  is  shown i n  F igure  6-9. Figure 6-10 shows 
t h e  ex tens ion  of che curves o u t s i d e  t h e  reg ion  covered i n  t h e  
o r i g i n a l  p u b l i c a t  ion. 

Figure 6-11 g ives  curves from which va lues  of d e n s i t y  p and kine- 
mat ic  v i s c o s i t y  of t h e  water v can be obta ined .  

The computation of r e f e rence  t r a c t i v e  stress (T) i s  f a c i l i t a t e d  
by fol lowing t h e  procedure on page 6-28. 

2.  D i s t r i b u t i o n  of t h e  t r a c t i v e  s t r e s s  along t h e  channel per imeter :  

I n  open channels  t he  t r a c t i v e  s t r e s s e s  a r e  no t  d i s t r i b u t e d  uniformly 
along t h e  per imeter .  Laboratory experiments and f i e l d  observa t ions  
have ind ica t ed  t h a t  i n  t r a p e z o i d a l  channels t h e  s t r e s s e s  a r e  very  
small  near  t h e  water s u r f a c e  and near  t h e  co rne r s  of t he  channel 
and assume t h e i r  maximum va lue  near  t he  c e n t e r  of t h e  bed. The 
maximum va lue  on t h e  banks occurs  near  t h e  lower t h i r d  poin t .  

The graphs i n  F igures  6-12 and 6-13 may be used t o  eva lua t e  
maximum s t r e s s  va lues  on t h e  banks and t h e  bed r e spec t ive ly .  
These f i g u r e s  a r e  t o  be used along wi th  r ,  t h e  r e f e rence  t r a c t i v e  
s t r e s s ,  t o  ob ta in  va lues  f o r  t h e  maximum t r a c t i v e  s t r e s s  on t h e  
s i d e s  and bed of t r apezo ida l  channels  i n  f i n e  grained s o i l s .  





FIGURE 6-10 



WATER TEMPERATURE - F 

WATER TEMPERATURE - O F  

Values of p ond u for various 
wa tar temperatures 

FIGURE 6-11 



FIGURE 6-12 : Applied Maximum Tractive Stresses, T,, 
On Sides Of Straight Trapezoidal Channels. 

FIGURE 6-13 : Applied Maximum Tractive Stresses, T,, , 
On Bed Of Straight Trapezoidal Channels. 

Curves reproduced from I' Tentative Design Procedure for Ripmp -Lined 
Channels National Cooperative Highway Research Program. Report No. 108 
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FIGURE 6-14 

ALLOWABLE TRACTIVE STRESS 

A ON -COHESIVE SOILS, ~ , , < 0 . 2 5 "  

REFERENCE:  LANE ,E  W. ,"DESIGN O F  STABLE CHANNELS", TRANSACTIONS 
ASCE , VOLUME 120 



3. T r a c t i v e  stresses i n  curved r e a c h e s :  

F i g u r e s  6-5 and 6-6 used t o  de te rmine  t h e  maximum t r a c t i v e  s t r e s s e s  
i n  curved r e a c h e s  f o r  c o a r s e  g r a i n e d  s o i l s  may a l s o  be  used t o  
o b t a i n  t h e s e  v a l u e s  f o r  f i n e  g r a i n e d  s o i l s .  The v a l u e s  f o r  t h e  
maximum t r a c t i v e  s t r e s s e s  on  t h e  beds  and s i d e s  as determined above 
a r e  used i n  c o n j u n c t i o n  w i t h  t h e s e  c h a r t s  t o  o b t a i n  v a l u e s  f o r  
curved r e a c h e s .  

B. Allowable T r a c t i v e  S t r e s s e s  - F i n e  g r a i n e d  s o i l s  

The s t a b i l i t y  of channe l s  i n  f i n e  g r a i n e d  s o i l s  ( D 7 5  '0.25'') may b e  
checked u s i n g  t h e  c u r v e s  i n  F i g u r e  6-14. These c u r v e s  were developed 
by ~ane?i?/. The c u r v e s  r e l a t e  t h e  median g r a i n  s i z e  of t h e  s o i l s  t o  
t h e  a l l o w a b l e  t r a c t i v e  stress. Curve l i s  t o  b e  used when t h e  s t ream 
under c o n s i d e r a t i o n  c a r r i e s  a l o a d  of 20,000 ppm by weight o r  more of 
f i n e  suspended sediment .  Curve 2 i s  t o  b e  used f o r  s t reams  c a r r y i n g  
up t o  2,000 ppm by weight  of f i n e  suspended sediment .  Curve 3 is  f o r  
sediment f r e e  f lows  ( l e s s  t h a n  1 ,000  ppm). 

When t h e  v a l u e  of DcjO f o r  f i n e  g r a i n e d  s o i l s  i s  g r e a t e r  t h a n  5 mm u s e  
t h e  a l l o w a b l e  t r a c t i v e  s t r e s s  v a l u e s  shown on t h e  c h a r t  f o r  5 mm. 

For  v a l u e s  of DS0 l e s s  t h a n  t h o s e  shown on t h e  c h a r t  (0.lmm) u s e  
t h e  a l l o w a b l e  t r a c t i v e  stress v a l u e s  f o r  0 . 1  mm. However, i f  t h i s  
i s  done 0 . 1  mm should be  used a s  t h e  s i z e  i n  o b t a i n i n g  t h e  
r e f e r e n c e  t r a c t i v e  stress. 

Procedures  - T r a c t i v e  S t r e s s  Approach 

The u s e  of t r a c t i v e  stress t o  check t h e  a b i l i t y  of e a r t h  channe l s  t o  
resist  e r o s i v e  s t r e s s e s  i n v o l v e s  t h e  fo l lowing  s t e p s :  

1. Determine t h e  h y d r a u l i c s  of t h e  channe l .  T h i s  i n c l u d e s  h y d r o l o g i c  
d e t e r m i n a t i o n s  a s  w e l l  a s  t h e  s t a g e - d i s c h a r g e  r e l a t i o n s h i p s  f o r  
t h e  channe l  being c o n s i d e r e d .  The p rocedures  t o  be used i n  making 
t h e s e  d e t e r m i n a t i o n s  a r e  inc luded  i n  Chapter  4 and Chapter  5 of 
t h i s  T e c h n i c a l  Release .  

2. Determine sediment y i e l d  t o  reach  and c a l c u l a t e  sediment 
c o n c e n t r a t i o n  f o r  d e s i g n  f low.  

3 .  Determine t h e  c h a r a c t e r  of t h e  e a r t h  m a t e r i a l s  i n  t h e  boundary of 
t h e  channe l .  

4 .  Check t o  s e e  i f  t h e  t r a c t i v e  stress approach i s  a p p l i c a b l e .  
U s e  F i g u r e  6-1. 



5. Compute t h e  t r a c t i v e  stresses exer ted  by t h e  flowing water on t h e  
boundary of t h e  channel being s tud ied .  U s e  t h e  proper procedure as 
e s t a b l i s h e d  by t h e  D75 s i z e  of t h e  m a t e r i a l s .  

6. Check t h e  a b i l i t y  of t h e  s o i l  m a t e r i a l s  forming t h e  channel t o  resist 
t h e  computed t r a c t i v e  s t r e s s e s .  

The computation f o r  t h e  re fe rence  t r a c t i v e  stress f o r  f i n e  grained s o i l s  
i s  f a c i l i t a t e d  by using t h e  following procedure: 

1. Determine se and V: Evaluate Manning's n by t h e  method descr ibed 
i n  NEH-5, Supplement B. 

2. Enter t h e  graphs i n  Figure  6-11 wi th  t h e  v a l u e  of temperature i n  
O F  and read t h e  d e n s i t y  p and t h e  kinematic v i s c o s i t y  of t h e  water v .  

v 3. Compute - . 
gvse 

4. Compute V 

k k s s e  

5. Enter  t h e  graph i n  Figure  6-9 (o r  Figure  6-10) wi th  t h e  computed va lues  
i n  s t e p s  2 and 3 above and read t h e  v a l u e  of V 

J *C/P 

6. Compute -r from v , V and p 

m r  

where t h e  terms a r e  def ined i n  t h e  g lossa ry .  

Examples - T r a c t i v e  S t r e s s  Approach 

Example 6-5 

Given: A channel i s  t o  be const ructed through.an a r e a  of i n t e n s e  c u l t i v a t i o n .  
The bottom width of t h e  t r a p e z o i d a l  channel i s  1 8  f e e t  wi th  s i d e  s l o p e s  of 
1 1 2 : l .  The design flow i s  262 c f s  a t  a depth  of 3.5 f e e t  and a v e l o c i t y  
of 3.23 fps .  The s lope  of t h e  energy grade l i n e  i s  0.0026. There is  one 
curve i n  t h e  reach,  wi th  a r a d i u s  of 150 f e e t .  The aged n va lue  is  estimated 
t o  be  0.045. The channel w i l l  be  excavated i n  a GM s o i l  t h a t  is nonplas t i c ,  
wi th  D75 = 0.90 inches (22.9 nun). The g r a v e l  is  very  angular.  



Determine: The a c t u a l  and a l lowable  t r a c t i v e  s t r e s s .  

Solu t ion :  Since D75  114 inch  use  t h e  Lane method. 

nt = ( 0 . 9 0 ) ~ 1 ~ / 3 9  = 0.0252 (from Eq. 6-2) 

From equat ion  6-3: st = (n t /n)*  se = (0 .0252/0 .045)~  0.0026 = 0.00082 

a c t u a l  -rw = yw ds t  = (62.4)(3.5)(0.00082) = 0.179 psf 

b/d ( r a t i o  of bottom width t o  depth)  = 1813.5 = 5.14 

from Figure  6-3 and 6-4 T ~ I T ~  = 0.76; - r b / ~ m  = 0.98 

Rc/b ( r a d i u s  of curve/bottom width) = 150118 = 8.33 

r T = r IT = 1 . 1 7  (F igure  6-5) 
bc b s c  s 

Actual T~ = (0.179)(0.98) = 0.175 p s f ;  

a c t u a l  -rs = (0.179)(0.76) = 0.136 psf 

Actual rbc = (0.175)(1.17) = 0.205 p s f ;  

a c t u a l  r = (0.136) (1.17) = 0.159 psf  
S C  

Solving f o r  a l lowable  t r a c t i v e  stress - 

= 38.4' (From Figure 6-7) K =  0.45 (From Figure 6-8) 
R 

a l lowable:  T~~ = (0.4)(D7,) = (0.4)(0.90) = 0.36 

al lowable:  T = 0.4 KD75 = (0.4)(0.45)(0.90) = 0.162 
Ls 

Comparing a c t u a l  with a l lowable ,  t h e  channel w i l l  be s t a b l e  i n  
s t r a i g h t  and curved s e c t i o n s .  

Example 6-6 

Given: A channel is  t o  be cons t ruc ted  through an a r e a  of i n t ense  
c u l t i v a t i o n .  Bottom width of t h e  t r a p e z o i d a l  s e c t i o n  is  18 f e e t ,  s i d e  
s lopes  a r e  1- l12: l .  Design flow i s  262 c f s ,  w i th  a depth  of 3.5 f e e t  
a t  a  v e l o c i t y  of 3.23 fps .  Slope of t h e  hydraul ic  grade l i n e  is 0.0026. 
The design temperature i s  50° F. The channel w i l l  be  c u t  i n  nonp la s t i c  
SM s o i l ,  wi th  a D75 s i z e  of 0.035 inches ,  a n65 s i z e  of 0.01075 inches 
(0.273 mm) and a DcjO of 0.127 mm. The n  va lue  f o r  t h e  channel is  0.045. 
There a r e  no curves i n  t h e  reach. Sediment load i s  q u i t e  l i g h t  i n  t h i s  
l o c a l i t y ,  i n  t h e  range of c l e a r  water  c r i t e r i a .  

Determine: The a c t u a l  t r a c t i v e  s t r e s s  and t h e  al lowable t r a c t i v e  s t r e s s .  

Solut ion:  Since t h e  D Y 5  s i z e  is l e s s  than 114 inch  use  t h e  r e f e rence  
t r a c t i v e  s t r e s s  method. 



v = 1.42 x f t 2 / s e c . ,  p = 1.940 l b  s e c 2 / f t 4  ( F i g u r e  6-11) 

v/- = 21.6 (Froin F i g u r e  6-9) 

r = v2 p / ( ~ / m ) 2  = (3.232) 1 . 9 4 / ( 2 1 . 6 ) ~  = 0.0434 psf 

b/d ( r a t i o  o f  bottom wid th  t o  d e p t h )  = 1813.5 = 5.14 

r s / T  2 1 . 0 ;  T = 1 .31  (from F i g u r e  6-12 and 6-13) 
b  

Ac tua l  T r a c t i v e  S t r e s s e s :  

T s = (0.0434) (1.0) = 0.0434 p s f ;  T~ = (0.0434) (1.31) = 0.0569 psf  

Allowable T r a c t i v e  S t r e s s e s :  

D5 0 = 0.127 mm; from F i g u r e  6-14 and assuming c l e a r  wa te r  f low 
(curve  No. 3) t h e  a l l o w a b l e  t r a c t i v e  f o r c e  i s  0.025 p s f .  Both 
t h e  bed and t h e  banks of t h e  channe l  a r e  u n s t a b l e .  An e v a l u a t i o n  
shou ld  be  made t o  e s t i m a t e  t h e  magnitude of s c o u r  o r  p o s s i b l e  d e p t h  
of scour  b e f o r e  a n  armor is  formed (Refer  t o  n e x t  s e c t i o n ) .  Using 
t h i s  ~ r o c e d u r e  i n  c o n j u n c t i o n  w i t h  t h e  a p p r o p r i a t e  sediment t r a n s p o r t  . 
e q u a t i o n s ,  t h e  magnitude of i n s t a b i l i t y  can b e  eva lua ted .  

Formation of Bed Armor i n  Coarse M a t e r i a l  

I n  m a t e r i a l  where t h e  c o a r s e s t  f r a c t i o n  c o n s i s t s  of g r a v e l  o r  c o b b l e s  a n  
armoring of t h e  bed commonly d e v e l o p s  i f  t h e  a l l o w a b l e  t r a c t i v e  s t r e s s  is  
exceeded and s c o u r  occurs .  The d e p t h  a t  which t h i s  armor w i l l  form may be 
e v a l u a t e d  i f  i t  i s  determined t h a t  some d e t e r i o r a t i o n  o f  t h e  channe l  can 
b e  p e r m i t t e d  b e f o r e  s t a b i l i t y  i s  reached .  The D g o  - Dg5  s i z e  of a r e p r e -  
s e n t a t i v e  sample of bed m a t e r i a l  i s  f r e q u e n t l y  found t o  be  t h e  s i z e  paving 
channe l s  when s c o u r i n g  s t o p s .  F i n e r  s i z e s ,  such a s  t h e  D 7 5  may form t h e  
armor,  once t h e  f i n e r  material is  eroded.  On t h e  o t h e r  hand, t h e  c o a r s e s t  
p a r t i c l e s  may n o t  be  s u f f i c i e n t l y  l a r g e  t o  p r e v e n t  s c o u r .  The D g 5  s i z e  i s  
cons idered  t o  be abou t  t h e  maximum f o r  pavement fo rmat ion  w i t h i n  p r a c t i c a l  
l i m i t s  of p l a n n i n g  and des ign .  

The fo l lowing  p rocedure  may be  used f o r  de te rmin ing  d e p t h  of s c o u r  ' to 
armor fo rmat ion .  

The a c t u a l  t r a c t i v e  stress under  d e s i g n  h y d r a u l i c  c o n d i t i o n s  is computed 
i n  accord  w i t h  e q u a t i o n  6-5. By r e a r r a n g i n g  t h i s  e q u a t i o n  

D = 
Tb 

0.4 
, where D is  t h e  l i m i t i n g  s i z e  



For example 

T~ = 0.6 psf 

0.6 Then D = ------ = 1.5 inches .  
0.4 

Reading from t h e  s i z e  d i s t r i b u t i o n  curve of a r e p r e s e n t a t i v e  bed sample, 
i t  i s  determined t h a t  1 .5 inches i s  t h e  D g O  s i z e .  With armor customari ly  
forming a s  a s i n g l e  l a y e r ,  t h e  depth  of scour t o  formation of a D 9 0  s i z e  
armor i s  equal  t o  t h e  D g O  s i z e  i n  inches  d iv ided  by t h e  percentage of 
m a t e r i a l  equal  t o  o r  l a r g e r  than  t h e  armor s i z e .  For t h i s  case  
1 . 5  G0.10 a 1 5  inches (1.25 f t . )  depth t o  armor formation. 

Annoring of t h e  bed w i l l  no t  u sua l ly  develop i n i t i a l l y  a s  a f l a t  bed 
a c r o s s  t he  channel .  Af te r  forming an  armor along t h e  thalweg, ba r s  of 
f i n e r  m a t e r i a l  w i l l  next  be removed, followed by an inc reas ing  a t t a c k  
on t h e  banks. 

T rac t ive  Power Approach 

General 

I n  genera l  t h e  observa t ions ,  assumptions, and computational methods used 
i n  t h e  development and use  of t h e  a l lowable  v e l o c i t i e s  and the  t r a c t i v e  
s t r e s s  methods of a n a l y s i s  a r e  based on c o r r e l a t i n g  a s o i l s  e ros ion  
r e s i s t a n c e  wi th  simple index p r o p e r t i e s  determined on d is turbed  samples. 
These methods a t  t h e i r  p resent  s t a t e  of development do no t  a s s e s s  t h e  
e f f e c t s  of cementation, p a r t i a l  l i t h i f i c a t i o n ,  d i spe r s ion ,  and r e l a t e d  
geologic  processes  on t h e  e r o s i o n a l  r e s i s t a n c e  of e a r t h  ma te r i a l s .  

This  l i m i t a t i o n  has been recognized f o r  many years .  In t h e  e a r l y  1960's ,  
e f f o r t s  were made by SCS i n  t h e  Western s t a t e s  t o  eva lua t e  t h e  s t a b i l i t y  
of channels i n  cemented and p a r t i a l l y  l i t h i f i e d  s o i l s .  The procedures 
r e s u l t i n g  from t h i s  e f f o r t  have come t o  be known a s  t h e  Trac t ive  Power 
Approach. 

I n  t h i s  approach t h e  aggregate  s t a b i l i t y  of s a t u r a t e d  s o i l s  is  assessed  
by use  of t h e  unconfined compression t e s t .  F i e l d  observa t ions  of s e v e r a l  
channels were evaluated a g a i n s t  t h e  unconfined compressive s t r e n g t h  of 
s o i l  samples taken from the  same channels.  The r e s u l t s  a r e  shown on 
Figure  6-15. S o i l s  i n  channels wi th  unconfined compressive s t r e n g t h  
ve r sus  t r a c t i v e  power t h a t  p l o t  above and t o  t h e  l e f t  of t h e  S- l ine  on 
Figure  6-15 have ques t ionable  r e s i s t a n c e  t o  e ros ion .  S o i l s  i n  channels 
wi th  unconfined compression s t r e n g t h  versus  t r a c t i v e  power t h a t  p l o t  below 
and t o  t h e  r i g h t  of t h e  S-line can be expected t o  e f f e c t i v e l y  r e s i s t  the  
e r o s i v e  e f f o r t s  of t h e  stream flow. 
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~NCONFINED COMPRESSIVE STRENGTH ( I b ~ . / s q .  ft.) 

Figure 6 -15 
Unconfined Compressive Strength And Tractive 

Power As Relaled To Channel Stability 



Trac t ive  power i s  def ined  a s  t h e  product of mean v e l o c i t y  and t r a c t i v e  
s t r e s s .  Use t h e  app ropr i a t e  method based on s o i l  c h a r a c t e r i s t i c s  a s  
descr ibed  i n  t h e  t r a c t i v e  f o r c e  procedure t o  c a l c u l a t e  t h e  t r a c t i v e  
s t r e s s .  

Procedure - T r a c t i v e  Power Approach 

The use  of t r a c t i v e  power t o  eva lua t e  e a r t h  channel s t a b i l i t y  involves 
t h e  fol lowing s t e p s :  

Determine t h e  hydraul ics  of t h e  channel.  This  inc ludes  hydrologic  
de te rmina t ions  a s  wel l  a s  t he  s tage-discharge r e l a t i o n s h i p s  f o r  t he  
channel being considered,  The procedures t o  be used i n  making these  
de te rmina t ions  a r e  included i n  chapters  4  and 5 of t h i s  Technical 
Release. 

Evaluate t h e  sediment t r a n s p o r t  ca r ry ing  capac i ty  i n  t he  design reach 
t o  (a)  determine the  sediment concent ra t ion  and (b) t e s t  t he  possi-  
b i l i t y  f o r  aggradat ion.  

Determine t h e  phys ica l  c h a r a c t e r i s t i c s ,  inc luding  t h e  s a t u r a t e d  
unconfined compressive s t r e n g t h  of t h e  e a r t h  m a t e r i a l s  i n  t h e  
boundary of t h e  channel.  The procedures f o r  making t h i s  determina- 
t i o n  a r e  included i n  chapter  3 of t h i s  Technical  Release. 

Check t o  s e e  i f  the  T rac t ive  Power Approach i s  app l i cab le .  Use 
Figure 6-1. 

Compute t h e  t r a c t i v e  power of t h e  flows being evaluated.  Use t h e  
mean v e l o c i t y  determined i n  s t e p  one and t h e  procedures  i n  t h i s  
chapter  t o  determine the  t r a c t i v e  s t r e s s .  Use t h e  method t h a t  i s  
appropr i a t e  f o r  t h e  g r a i n  s i z e  of t h e  channel ma te r i a l s .  

Determine t h e  e ros ion  r e s i s t a n c e  of t h e  m a t e r i a l s  i n  t he  channel 
boundary from Figure 6-15. 

The fol lowing example i l l u s t r a t e s  the  use of t he  Trac t ive  Power Approach 
t o  eva lua t e  channel s t a b i l i t y :  

Example 6-7 - Trac t ive  Power Approach 

Given: A channel is  t o  be cons t ruc ted  f o r  t h e  dra inage  of an a r e a  of 
moderate c u l t i v a t i o n .  Its bottom width is  t o  be  46 f e e t ,  s i d e  s lopes  
2-1/2:1, design flow depth 15.0 f e e t ,  and est imated n  va lue  of 0.03. 
The channel w i l l  be excavated i n  clayey si l t  (ML) having a  P l a s t i c i t y  
Index of 3 and a  D75 s i z e  of 0.15 mm, a D G 5  s i z e  of 0.00256 inches 
(0.065 mm), and an unconfined compressive s t r e n g t h  of 790 p s f .  The 
hydraul ic  g rad ien t  i s  0.00042, a s  determined by water  su r f ace  p r o f i l e  
c a l c u l a t i o n s .  There a r e  no curves i n  t h i s  reach of channel.  The 
water  temperature f o r  t he  period under cons idera t ion  is  taken a s  50°F. 



Design f low i s  4750 c f s  a t  a  dep th  of 13.5  f e e t  and a  v e l o c i t y  of 3.77 f p s .  

Determine: The a c t u a l  t r a c t i v e  power and e v a l u a t e  t h e  s t a b i l i t y  of t h e  
channe l .  

S o l u t i o n :  S i n c e  t h e  D 7 5  < 114 i n c h  use  t h e  r e f e r e n c e  t r a c t i v e  s t r e s s  method. 

v = 1.42 x f t 2 / s e c ;  p = 1.940 l b  s e c 2 / f t 4  ( F i g u r e  6-11) 

= 3 . 7 7 3 / ( ( 3 2 . 2 ) ( 1 . 4 2  x 10-5)(0.00042) = 2.79 x l o 8  

v/J gkSse = 3.7714 (32.~)(0.00256/12)(0.00042) = 2220 

From F i g u r e  6-10 v/- = 27 

T = v2 p / ( ~ / m ) 2  =(3.772)  1 . 9 4 0 / ( 2 7 ) ~  = 0.0378 

b /d  = 46/15 = 3.07; T / T  = 1 . 2 1  ( F i g u r e  6-12) 
s 

T,,/T = 1 . 4 5  F i g u r e  6-13 

T =(0 .0378)(1 .21)  = 0.0458 
S 

T, =(0 .0378)  (1.45 = 0.0548 

Use t h e  l a r g e r  of T o r  T t o  compute t r a c t i v e  power. s b 

T V = (0 .0548)(3 .77)  = 0.207 - Actua l  T r a c t i v e  power 
b 

The t r a c t i v e  power v e r s u s  unconfined compress ive  s t r e n g t h  p l o t s  w e l l  i n t o  
t h e  non-erosive  zone (F igure  6-15). The channe l  should  be s t a b l e  f o r  t h e  
d e s i g n  c o n d i t i o n s .  



The Modified Regime Approach 

Genera l  

The regime t h e o r y  approach t o  e v a l u a t i n g  channe l  s t a b i l i t y  is  based on 
o b s e r v a t i o n s  o f  t h e  r e s u l t s  i n  v a r i o u s  p a r t s  of t h e  world of n a t u r a l  
p r o c e s s e s  c a u s i n g  con t inuous  a d j u s t m e n t s  of channe l s .  The p r e d i c t i v e  
e q u a t i o n s  a r e  l a r g e l y  e m p i r i c a l .  T h i s  method of  a n a l y s i s  i s  l i m i t e d  t o  
f low i n  a l l u v i a l  channe l s .  

 hie&/ d e f i n e s  a n  a l l u v i a l  channe l  a s  one t h a t  c o n t a i n s  a bed of l o o s e  
sediment of t h e  same t y p e  t h a t  i s  moved a l o n g  t h e  bed.  Such a channe l  
bed seldom remains  f l a t  and even.  Bars  and r i p p l e s  a r e  developed a t  t h e  
bed s u r f a c e s  a t  low s t a g e s .  They become l o n g e r  when t h e  d i s c h a r g e  i n c r e a s e s  
and e v e n t u a l l y  may d i s a p p e a r  a t  h i g h  f lows.  A t  u n u s u a l l y  h i g h  f l o w s ,  l a r g e ,  
n e a r l y  symmet r ica l ,  sand b a r s  may appear  a g a i n ,  accompanied by s u r f a c e  waves 
i n  phase  w i t h  t h e  bottom u n d u l a t i o n s .  The sand b a r s  and r i p p l e s  r e p r e s e n t  
a n o t h e r  t y p e  o f  roughness ,  i n  a d d i t i o n  t o  t h e  roughness  of t h e  g r a i n s  which 
compose t h e  channe l  bed. The problem of de te rmin ing  t h e  r e l a t i o n s h i p  
between s l o p e ,  d e p t h ,  v e l o c i t y ,  and boundary roughness  i s  complicated 
by t h i s  phenomenon because  t h e  roughness  n o t  o n l y  d e f i n e s  t h e  f low,  b u t  
t h e  f low i t s e l f  a l s o  molds t h e  roughness .  

~ l e n c e '  r e f e r s  t o  a l l u v i a l  channe l s  a s  t h o s e  w i t h  mobi le  boundar ies .  
They are t h e  c h a n n e l s  t h a t  are c a p a b l e  of s e l f - a d j u s t m e n t  and have formed 
t h e i r  geomet r ic  shape by moving boundary m a t e r i a l .  M a t e r i a l s  of a t  l e a s t  
p a r t  o f  t h e  boundary a r e  moved a t  some s t a g e  of f low.  They make a t  l e a s t  
p a r t  of t h e i r  boundar ies  from t h e i r  t r a n s p o r t e d  l o a d ,  and p a r t  of t h e i r  
t r a n s p o r t e d  l o a d  comes from t h e i r  boundar ies .  

The e q u a t i o n s  used i n  t h e  regime approach have been developed by s t u d y i n g  
s t a t i s t i c s  o b t a i n e d  by physical ,  o b s e r v a t i o n s  of c a n a l  sys tems.  Those 
o b s e r v a t i o n s  inc luded  channel  dimension and geometry,  and t h e  d i s c h a r g e s  
of s t r e a m s  t h a t  were "si l t  s t a b l e , "  t h a t  i s ,  c a n a l s  t h a t  through a 
s u c c e s s i o n  of y e a r s  remained f r e e  of e x c e s s i v e  sediment  d e p o s i t s  and d i d  
n o t  scour  e x c e s s i v e l y .  These e q u a t i o n s  e m p i r i c a l l y  c o r r e l a t e  t h e  c a p a c i t y  
of t h e  stream t o  t r a n s p o r t  sediment  w i t h  i t s  main h y d r a u l i c  c h a r a c t e r i s t i c s .  
A "si l t  s t a b l e "  o r  regime stream i s  known t o  d e p o s i t  sediment throughout  
some s t a g e  of f low and t o  scour  d u r i n g  o t h e r  s t a g e s .  The proponents  of 
t h e  regime t h e o r y  apprbach a r e  s a t i s f i e d  i f  t h e  n e t  r e s u l t  of  d e p o s i t  and 
s c o u r  i s  z e r o  a t  t h e  end of every  f low c y c l e .  

When n a t u r e  o r  man imposes r i g i d  boundar ies  i n  a channe l  sys tem,  t h e  
n a t u r a l  laws o f  a l l u v i a l  f low a r e  p a r t i a l l y  o r  t o t a l l y  negated.  Conse- 
q u e n t l y  t h e  regime approach cannot  b e  used t o  a n a l y z e  r i g i d  boundary channel  
sys tems.  However, they  can be used t o  de te rmine  channe l  p r o p o r t i o n s  such 
t h a t  t h e  channe l  can be  expec ted  t o  remain r e l a t i v e l y  s t a b l e .  



The procedure and equations presented here are to a large extent from 
Simons and Albertson. 

Three types of mobile boundary materials encompass most, alluvial channels 
encountered in SCS work. These are: (Note- for this approach a soil is 
classed as cohesive if the PI is greater 'than 7.) 

Type Description 

A Sand bed and sand banks 

B Sand bed and cohesive banks 

C Cohesive bed and cohesive banks 

A relationship exists between sediment load, Froude number, and channel 
stability. The Froude number is determined by: 

F = 
v 

(Eq. 6-12) 
Jga. 

According to Simons and ~lbertso&' the Froude number has to be less than 
0.3 in type A, B, or C channels to avoid excessive scour. 

The relationships between channel geometry and slope are determined by the 
following regime equations as modified by Simons and Albertson: 

d = 1.23 R (For R from 1 to 7) (Eq. 6-13) 

d = 2.11 + 0.934 R (For R from 7 to 12) (Eq. 6-14) 

W = 0.9 P (Eq. 6-15) 

Equations 6-13, 6-14, 6-15, and 6-16 apply to all Type A, B, and C alluvial 
channels. 

Equations 6-17, 6-18, 6-19, 6-20, and 6-21 were derived from data in the Simons 
and Albertson paper. 



Equation C o e f f i c i e n t s  by Channel Type 

A B C 

R = C 2 Q  0.361 0.37 0.43 0.51 (Eq. 6-18) 

where a l l  symbols a r e  a s  def ined i n  t h e  g los sa ry .  

These equat ions  r e s u l t  i n  some gene ra l  r e l a t i o n s h i p s ,  approximate width- 
depth r a t i o s  and v e l o c i t y  l i m i t a t i o n s  t h a t  i f  followed w i l l  r e s u l t  i n  
11 s i l t  s t a b l e "  channels  under t h e  cond i t i ons  descr ibed .  

Determination of an acceptab le  s a f e  s l o p e  f o r  a  channel is about t h e  most 
d i f f i c u l t  d e c i s i o n  i n  channel design.  Values of t h e  s lope  determined from 
Manning's equat ion  with a  reasonable va lue  of n ,  c r o s s  s e c t i o n  geometry 
c o n s i s t e n t  w i th  t h e  modified regime equat ions ,  and a  v e l o c i t y  r e s u l t i n g  
i n  a  Froude number of l e s s  than 0.3. should be compared wi th  t h e  s l o p e  
determined from equat ion 6-20. 

Procedure - Modified Regime Approach 

The use of t h e  modified regime theory  t o  eva lua t e  t he  s t a b i l i t y  of e a r t h  
channels involves  t h e  fol lowing s t e p s :  

1. Determine t h e  hydraul ics  of t h e  system. Th i s  inc ludes  hydrologic  
de te rmina t ions  a s  we l l  a s  t h e  s tage-discharge r e l a t i o n s h i p s  f o r  t h e  
channel considered.  The procedures  t o  be used i n  t h i s  s t e p  are 
included i n  chapter  4 and chapter  5 of t h i s  Technical  Release. 

2. Determine t h e  cha rac t e r  of t h e  e a r t h  m a t e r i a l s  forming t h e  banks and 
bed of t h e  design reach and t h e  reach upstream. 

3.  Evaluate t h e  sediment t r a n s p o r t  car ry ing  capac i ty  i n  t h e  design reach 
t o  ( a )  determine the  sediment concent ra t ion  and (b) t e s t  t he  possi-  
b i l i t y  f o r  aggradat ion.  

4 .  Check t o  s e e  i f  t h e  modified regime approach i s  app l i cab le .  
(Use F igure  6-1) 

5. Determine t h e  channel geometry and accep tab le  s a f e  s lope  us ing  
equat ions 6-12 through 6-20 wi th  t h e  app ropr i a t e  cons tan ts .  



6. Check the slope determined using Manning's equation with a realistic 
value of n, cross section geometry consistent with that determined 
in step 5 and a velocity resulting in a Froude number of less than 0.3. 

Example 6-8 - Modified Regime Approach 

Given: A type B channel to convey 600 cfs at bank full stage. Use 2:l 
side slopes and assume that n = 0.022. 

Determine: Design the channel. 

Solution: Step 1 - compu'te P = 2 . 5 1 ~ O . ~ ~ ~  . . . . . . . . . .  Eq.  6-17 

P = (2.51)(600)~*~~~ = 66.4 ft. 

Step 2 - Compute R = 0.43~O.'~~ . . . . . . . . . . .  Eq.6-18 
R = (0.43)(600)~*~~~ = 4.33 ft. 

Step 3 - Compute A = PR o r  use Eq. 6-19 

A = (66.4)(4.33) = 288 sq. ft. 

Step 4 - Compute V = Q + A = 600 + 288 = 2.08 fps 

Step 5 - Compute d - Since R is less than 7 

Use d = 1.23R . . . . . . . . . . . . . . . . .  Eq. 6-13 
d = 1.23. (4.33) = 5.3 ft. 

Step 6 - Compute the Froude Number. 

F = 
v . . . . . . . . . . . . . . . . .  Eq. 6-12 

6- 

F < 0.3 - Design meets this requirement for stability 

Step 7 - Compute bottom width 

W = 0.9 P . . . . . . . . . . . . . . . . . . . . .  Eq. 6-15 
W = 0.9(66.4) = 59.76 ft. 



WT = 67 .1  f t .  

For 2 : l  s i d e  s lopes -  

b = 67 .1  - ( 4 ) ( 5 . 3 )  = 45.9 f t .  

Use b = 45 f t .  

S t e p  8 - Find t h e  s l o p e  of t h e  channe l  bottom which i s  
needed t o  c a u s e  t h e  channe l  t o  be i n  regime. 

V = C, ( R ~ S ~ )  . . . . . . . . . . . . . . . Eq .  6-20 

2.08 = 1 6 . 1  ((4.33)2s0)113 

S t e ~  9 - Find t h e  s l o p e  o f  t h e  channe l  which is needed t o  
I 

prov ide  c a p a c i t y  assuming uniform f l o w  and Manning's 
e q u a t i o n .  Compute NI2l3 u s i n g  t h e  above v a l u e s  f o r  
d e p t h ,  s i d e  s l o p e ,  and bottom wid th .  

P = b + 2d = 45 + 2(5.3) = 68.7 f t .  

A R = -  = 
P 

2 9 4 * 7  = 4.29 ft. 
68.7 

Compute so 

1.486 Q = - AR2/3 
n So 



Step 10 - Select  slope t o  be used, 

Since two values f o r  the  slope have been determined it is 
necessary t o  choose a s lope t h a t  f a l l s  between the  two values.  
I f  a s lope f l a t t e r  than 0.00013 is selected e i t h e r  the  width o r  
depth must be increased t o  provide the  needed capacity.  In  any 
case the  channel w i l l  not match the  regime re la t ionships  exact ly 
but t he  two slope values a r e  s u f f i c i e n t l y  c lose  so t h a t  the  design 
should be sa t i s fac tory .  Use the  following parameters: 

d = 5.3 f t *  

b = 45.0 f t .  

Equation 6-21 could have been used t o  ge t  an idea of what a 
reasonable width t o  depth re la t ionship  would be from regime 
methods. 

The same r a t i o  would be obtained by dividing the  value f o r  W 
obtained i n  Step 7 by the  depth obtained i n  Step 5. 

Channel S t a b i l i t y  With Respect t o  Sediment Transport 

A channel t ransport ing sediment during flow is  considered t o  be s t a b l e  i f  
the  r a t e  of sediment t ransport  is such t h a t  the  ove ra l l  equilibrium of the 
channel is maintained. This requi res  t h a t  scour and aggradation a r e  main- 
tained between prescribed l i m i t s .  Bedload t ranspor t  equations have been 
developed for predict ing the  r a t e  of t ranspor t  under equilibrium conditions.  
I n  these equations t ransport  is r e l a t ed  t o  stream discharge per foot  of 
channel width. A procedure is presented i n  t h i s  sec t ion  f o r  determiningn 
r e l a t i v e  r a t e s  of scour o r  deposition using va r i a t i ons  i n  mean ve loc i ty .  

Application of Bedload Transport Equations 

A number of equations have been developed t o  compute r a t e s  of bedload s e  b e n t  
2 77 t ransport .  The more widely used inc ude the  Einstein Bedload Function-- , 

2 8 f  the  Meyer-Peter and Muller formul- , and the  ~cholclitsc@/ equations. A 
comparison of the measured and computed sediment loads ind ica tes  t h a t  the  
most r e l i a b l e  involves depth-integrated samples of suspended load and compu- 
t a t i ons  employing the  Einstein bedload function. This is known a s  t he  



/ Modified E i n s t e i n  ~ r o c e d u r a  . However, t h e  f i e l d  d a t a  r e q u i r e d  i n  u s e  
of t h i s  p rocedure  a r e  n o t  o r d i n a r i l y  a v a i l a b l e .  

The E i n s t e i n  bedload f u n c t i o n  and t h e  Meyer-Peter and Mul le r  formula  f o r  
computing bedload t r a n s p o r t  have been determined t o  be  about  e q u a l l y  
adap ted  f o r  t h i s  purpose  i n  t h e  r a n g e  from medium-size sand t o  g r a v e l .  
The e q u a t i o n s  f o r  computat ion of e q u i l i b r i u m  bedload t r a n s p o r t  a r e  g iven  
i n  t h e  r e f e r e n c e s  c i t e d .  

Sediment T r a n s p o r t  i n  Sand Bed Streams Not i n  Equi l ib r ium 

The procedures  d e s c r i b e d  i n  t h i s  s e c t i o n  a r e  recommended f o r  de te rmin ing  
t h e  e f f e c t  o f  channe l  changes on s t a b i l i t y .  They a r e  based on r e s e a r c h  
which shows t h a t  t h e  r a t e  of bedload sediment t r a n s p o r t  is s t r o n g l y  
r e l a t e d  t o  mean v e l o c i t y .  F i g u r e  6-16 shows t h i s  r e l a t i o n s h i p  f o r  f i n e  
and medium sand s i z e s .  F a c t o r s  which c r e a t e  d i f f e r e n c e s  i n  mean v e l o c i t y  
from one r e a c h  t o  a n o t h e r  cause  d i f f e r e n c e s  i n  r a t e s  of bedload t r a n s n o r t .  
I f  t h e  changes i n  r a t e s  a r e  s u b s t a n t i a l  i n  amount and i n  d u r a t i o n ,  an  
u n s t a b l e  c o n d i t i o n  is e s t a b l i s h e d .  

Bedload sediment  t r a n s p o r t  i n  sand bed s t reams  w i t h  v a r i a b l e  roughness .  
Numerous s t u d i e s  have i n d i c a t e d  t h a t  t h e  roughness  c o e f f i c i e n t  n  v q r i e s  
i n  a sandbed s t r e a m  a s  t h e  bed form changes i n  r e s p o n s e  t o  t h e  fo rmat ion  
of r i p p l e s ,  dunes and an t i -dunes .  No g e n e r a l l y  accep ted  method h a s  been 
developed f o r  p r e d i c t i n g  what t h e  n  v a l u e  w i l l  be  a t  any g iven  d i s c h a r g e  
o r  v e l o c i t y .  I n  t h e  approach used h e r e ,  mean v e l o c i t y  is  r e l a t e d  t o  a n  
approximat ion o f  t r a c t i v e  f o r c e  f o r  broad,  s h a l l o w  f low - - t h e  p roduc t  
o f  d e p t h ,  s l o p e  and u n i t  weight  of w a t e r .  The r e l a t i o n s h i p  is  e s t a b l i s h e d  

31 / by a d a p t a t i o n  of d a t a  p resen ted  by Dawdy- . I n  h i s  paper ,  t h e  h y d r a u l i c  
r a d i i  a s  r e l a t e d  t o  mean v e l o c i t y  a r e  shown f o r  a  number of sand bed 
streams. F i g u r e  6-17 shows a  p l o t t i n g  of mean v e l o c i t y  r e l a t e d  t o  t h e  
p roduc t  of s l o p e ,  h y d r a u l i c  r a d i u s  and u n i t  weight  of wa te r  f o r  f i v e  of 
t h e  s t reams .  It is assumed t h a t  h y d r a u l i c  r a d i i  i n  t h e s e  r e l a t i v e l y  
b road ,  f l a t -bedded  s t reams  a r e  e q u i v a l e n t  t o  d e p t h  f o r  purposes  o f  corn- 
p u t i n g  t r a c t i v e  f o r c e  i n  t h i s  p rocedure .  More d a t a  are needed t o  d e f i n e  
t h e  c u r v e  of F i g u r e  6-17 f o r  sediment  w i t h  t h e  median s k z e  c o a r s e r  than  
0.5 mm. Data from one s t ream w i t h  a median sand s i z e  of 0.8 nun. i n d i c a t e s  
a  d e v i a t i o n  from t h i s  curve.  

Procedure- Channel S t a b i l i t y  w i t h  r e s p e c t  t o  Sediment Transpor t  

The f o l l o w i n g  procedure  may b e  used t o  de te rmine  whether  u n s t a b l e  condi-  
t i o n s  w i l l  o c c u r  under p r o j e c t e d  channe l  c o n d i t i o n s  where v a r i a b l e  bed 
roughness  o c c u r s :  





O.nO rnrn SAND PIGEON ROOST CR. , MISS. 

cD 0 . 3 2  rnrn SAND REPUBLICAN R., NEB. 

0.26 rnm SAND MIDDLE LOUP R . ,  NEB. 

O 0 . 3 0  mrn SAND R10 GRANDE R . ,  N.M. 

0 . 5 0 m m  SAND SOUTH FK. POWDER R.,WYO. 

FIGURE 6-17 
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Determine whether a f u l l  supply of bedload w i l l  be introduced i n t o  the  
reach by methods described i n  Chapter 3, NEH Section 3 - Chapter 4 and 
Geologic Note 2. 

Compute mean ve loc i t i e s  f o r  var ious s tages  of flow f o r  a'hydrograph o r  
s e r i e s  of hydrographs a t  c ross  sec t ions  typ ica l  of stream reaches . to  be 
compared. The recommended method of determining the influence of var iab le  
bed roughness and bank roughness on mean ve loc i ty  i s  explained i n  the  
example of t he  procedure given below. 

Select  one cha rac t e r i s t i c  velocity-bedload t ransport  curve from Figure 
6-16 o r  construct  a new one from avai lab le  data.  

Compute r a t e s  of bedload t ranspor t  f o r  each reach. 

Where scour o r  aggradation may occur, r ev i se  design, such a s  changing 
projected channel slope, width and depth. The design may have t o  provide 
s u f f i c i e n t  channel freeboard f o r  iow flow aggradation t o  insure capacity 
during l a rge  flows. Reliance on the  removal of the  low flow depbsi ts  
p r io r  t o  peaking of higher flows should be approached with caution s ince  
the  sequence of flows o r  the  condition of the  channel a t  t he  time of any' 
flood occurrence cannot be predicted. 

Example 6-9 

Assume t h a t  a flood detention reservoi r  w i l l  be b u i l t  on a sand bed stream 
with a median s i z e  of bed mater ial  of 0.15 mm. With t h e  reservoi r  i n s t a l l ed ,  
improvement of t he  channel two m i l e s  downstream w i l l  be required t o  allow 
control led runoff without erosion of the  banks. The dis tance from the  dam + 

t o  the beginning of the reach t o  be improved is grea t  enough t o  enable t he  
flow t o  become f u l l y  loaded with bed mater ial .  The energy gradient i n  the  
unimproved reach is 0.003 f e e t  per  foot.  The stream banks a r e  nearly 
v e r t i c a l  and f r e e  of vegetation. 

Rights-of-way l imi ta t ions  show t h a t  a 60-foot bottom width improved channel 
meets requirements. It is  proposed t o  protect  erodible  banks with r iprap  
on a s lope of 2-1/2:1. The energy gradient  i n  t h i s  reach is computed t o  be 
0.0025. 

The riprapped slopes and the narrower and lower gradient  sec t ion  r e s u l t  i n  
a change i n  ve loc i ty  over t h a t  of the  upstream sect ion.  Table 6-1 and i ts 
supplement, Table 6-2, show the procedure used i n  computing t ese ve loc i t i e s .  

3 27 The formula i n  Table 6-2 was o r ig ina l ly  presented by H o r t o ~  . The compu- 
t a t i on  of t he  values i n  each of t he  columns i s  a s  follows. 

Column 1 - Depths a r e  chosen t o  provide a range of flows within the two 
channel sec t ions  up t o  the  maximum proposed reservoi r  re lease  r a t e .  

Columns 2 and 3 (80-foot sec t ion) ,  and Columns 6 and 7 (60-foot sect ion)  
give the cross-sectional area a t  the specif ied depths and s ide  slopes.  
These data  were obtained from hydraulic tab les  such a s  those prepared by 
the  Corps of Engineers. 



Columns 4 and 8 a r e  approximations of t r a c t i v e  f o r c e  us ing  t h e  energy 
g rad ien t s  equal  t o  0.003 o r  0.0025, r e spec t ive ly ;  depth (column I ) ,  and 
t h e  u n i t  weight of water ,  62.4 pounds per  cubic  f o o t .  

Columns 5 and 9 a r e  obtained from Figure  6-17, t h e  mean v e l o c i t i e s  being 
read from t h e  i n t e r s e c t i o n  of t h e  product va lues  i n  columns 4 and 8 
wi th  t h e  curve. 

The remaining c a l c u l a t i o n s  determine t h e  c o r r e c t i o n  of v e l o c i t y  of t h e  
60-foot s e c t i o n  due t o  r i p rap .  V e l o c i t i e s  t h a t  a r e  a t t r i b u t a b l e  t o  t he  
depth,  energy g rad ien t  and bed roughness only a r e  r e f l e c t e d  i n  t he  
v e l o c i t i e s  i n  Columns 5 and 9. Column 10  shows t h e  n va lues  r e l a t e d  t o  
t h e  v e l o c i t i e s  i n  Column 9. I n  t h i s  example t h e  n f o r  t h e  v e l o c i t i e s  i n  
Column 9 were obta ined  from t h e  Table of Values of nv Corresponding t o  
D i f f e ren t  Values of R ( r ad ius )  an s (s lope)  i n  Manning's Formula i n  
Kings "Handbook of Hydraulics."%~ These n va lues  a r e  used i n  t he  formula 
given a t  t h e  head of Table 6-2 f o r  computing roughness of t he  improved 
channel,  accounting f o r  both r i p r a p  and bottom roughness. 

The method of ob ta in ing  t h e  n i n  Column 11, cor rec t ed  f o r  roughness due 
t o  t h e  r iprapped  s i d e  s lopes ,  i s  given i n  Table 6-2. 

The cor rec ted  mean v e l o c i t y  of Column 12 i s  determined from Manning's 
formula, us ing  cor rec ted  n of Column 11, an energy g rad ien t  of 0.0025 
and t h e  app ropr i a t e  R i n  Column 6. 

The a v a i l a b l e  r e s e r v o i r  s to rage  capac i ty  and t h e  hydrology of t h e  s i t e  
i n d i c a t e s  t h a t  500 c f s  is the  maximum des i r ed  capac i ty  of t h e  p r i n c i p a l  
sp i l lway.  F igure  6-18 g ives  t h e  design r e l e a s e  r a t e  f o r  t he  proposed 
r e s e r v o i r .  It i s  assumed t h a t  t h e r e  a r e  no s i g n i f i c a n t  uncontrol led 
flows e n t e r i n g  t h e  stream between t h e  r e s e r v o i r  and improved channel.  

I n  des ign  of t h e  improved channel and i n  programming r e s e r v o i r  r e l e a s e s ,  
i t  i s  necessary t o  determine (1) i f  t h e  proposed r e s e r v o i r  r e l e a s e s  w i l l  
provide equi l ibr ium bedload t r a n s p o r t  through t h e  improved channel;  and 
( 2 )  i f  scour o r  aggradat ion w i l l  occur  and t h e  r e l a t i v e  r a t e  of i t s  occur- 
ence. 

The foregoing c a l c u l a t i o n s  have provided da t a  on v e l o c i t i e s  f o r  a range 
of depths  through t h e  reaches represented  by t h e  two channel s e c t i o n s .  
The fol lowing s t e p s  a r e  necessary t o  determine how t h e  changes i n  v e l o c i t y  
f o r  t he  sanie d ischarge  passing through t h e  two reaches a f f e c t  t h e i r  
capac i ty  t o  t r a n s p o r t  bedload sediment.  

Velocity-area curves f o r  the  two stream reaches were prepared from t h e  
d a t a  i n  Columns 3 and 5 ( f o r  t he  80-foot wide channel ) ,  and Columns 7 
and 12 (60-foot wide channel) .  The curves i n  F igure  6-19 provide informa- 
t i o n  t h a t  enables  c a l c u l a t i o n s  and p l o t t i n g  of d i scharges  a s  r e l a t e d  t o  
v e l o c i t i e s .  I n  t h e  ve loc i ty-d ischarge  curves,  F igure  6-20 d ischarges  





The 

n  = 

Table  6-2 - C a l c u l a t i o n  of n  a d j u s t e d  f o r  2 112 t o  1 
s i d e  s l o p e s  ( r ip rapped)  

formula used f o r  o b t a i n i n g  t h e  c o r r e c t e d  n  i n  Column 11 is: 

where n l  = roughness c o e f f i c i e n t  o f  t h e  i n d i v i d u a l  l i n i n g  m a t e r i a l  

n2 = roughness c o e f f i c i e n t  o f  r ip rapped  banks 

P I ' =  wet ted  pe r ime te r  a s s o c i a t e d  w i t h  roughness c o e f f i c i e n t  n  
(bottom width) 

d  = d e p t h  

z = s l o p e  of banks 

P2 = ( 1  -t z 2 ) 1 / 2  (2d) (wetted pe r ime te r  of  t h e  banks) 

P = t o t a l  wet ted  per imeter  (PI + P2 e t c . )  - 









were obtained f o r  each 0.5 f p s  i n c r e a s e  i n  v e l o c i t y  from t h e  product 
of t h e  c ros s - sec t iona l  a r e a  and equ iva l en t  v e l o c i t y  f o r  t h e  two s t ream 
s e c t i o n s  shown on F igure  6-20. 

The next  s t e p  r equ i r ed  s e l e c t i o n  of a mean veloci ty-bedload sediment 
t r a n s p o r t  r a t i n g  curve from Figure  6-16 because of s i m i l a r i t y  i n  median 
g r a i n  s i z e .  Curve number 7 was chosen a s  t h e  more a p p l i c a b l e  t o  t h i s  
problem. S e l e c t i o n  of another  curve would r e s u l t  i n  r e l a t i v e l y  comparable 
q u a l i t a t i v e  r e s u l t s  but  they would d i f f e r  q u a n t i t a t i v e l y .  However, 
q u a l i t a t i v e  r e s u l t s  provide u s e f u l  information f o r  s o l u t i o n  of t h i s  
problem. 

The discharge-bedload sediment t r a n s p o r t  curves  of F igure  6-21 were 
der ived  from F igu re  6-16 and F igure  6-20, i n  t h e  fo l lowing  manner: 
V e l o c i t i e s  f o r  t h e  same d ischarges  i n  both s t ream reaches  were read 
from t h e  curve  of F igure  6-20. I n  t h e  example, t h e  d i scharges  s e l ec t ed  
were spaced s u f f i c i e n t l y  c l o s e  (every 50-75 c f s .  change) t o  provide 
adequate  p l o t t i n g  p o i n t s  f o r  drawing a curve. The sediment t r a n s p o r t  
f o r  t h e  v e l o c i t i e s  r e l a t i n g  t o  t h e  d i s cha rges  were read  from Curve 7 ,  
F igure  6-16. The r e s u l t i n g  d a t a  enabled p l o t t i n g  of t h e  discharge-  
bedload sediment t r a n s p o r t  curves  of F igure  6-21. 

The remainder of  t h e  s t e p s  i n  t h i s  problem a r e  i n d i c a t e d  i n  Table  6-3, 
which shows bedload sediment t r a n s p o r t  de te rmina t ions  f o r  t h e  80-foot 
bottom width and 60-foot bottom wid th  s t ream reaches .  Column 1 g i v e s  
t h e  range i n  d i s cha rge  f o r  a number of segments of t h e  r e s e r v o i r  r e l e a s e  
hydrograph of F igure  6-18. The segments a r e  so  s e l e c t e d  a s  t o  f a c i l i t a t e  
l o c a t i o n  of a p o i n t  (Column 2) r e f l e c t i n g  a mean va lue  f o r  t h e  range. 
The elapsed t i m e  covered on t h e  hydrograph by t h e  d i scharge  range i n  
Column 1 is  g iven  i n  Column 3. S ince  sediment t r a n s p o r t  is  i n  t ons  
pe r  day pe r  f o o t  of width on F igu re  6-16 and F igure  6-21 t h e  elapsed 
time is  converted t o  percent  of 24 hours  i n  Column 4. Bedload sediment 
t r a n s p o r t  i n  t o n s  pe r  day pe r  f o o t  of width i n  Column 5 is  t h e  i n t e r -  
s e c t i o n  of t h e  mid-point va lue  i n  Column 2 w i th  t h e  curve on F igure  
6-21 f o r  t h e  app rop r i a t e  channel reach .  Bedload sediment t r a n s p o r t  
i s  t h e  product  of t h e  d a t a  i n  Columns 4 and 5 and t h e  bottom width of 
t h e  r e s p e c t i v e  reach.  

The r e s u l t s  of t h e  procedure app l i ed  t o  t h e  example show t h a t  e q u i l i -  
brium t r a n s p o r t  could be maintained i f  t h e  maximum r e s e r v o i r  r e l e a s e  
were about 150 c f s .  Beyond t h a t  d i s cha rge ,  t h e  improved s e c t i o n  would 
aggrade w i t h  about  57 percent  of t h e  incoming bedload sediment moving 
through. A t  a maximum r e l e a s e  r a t e  of 500 c f s .  aggrada t ion  could soon 
f i l l  t h e  channel ,  depending on t h e  frequency of r e s e r v o i r  r e l e a s e  and 
l e n g t h  of r each  over  which t h e  d e p o s i t  would accumulate. Presuming 
t h e  r e l e a s e  r a t e  could n o t  be  reduced t o  150 c f s . ,  a g r e a t  r educ t ion  
i n  aggrada t ion  could be achieved by a change t o  about  300 c f s .  maximum 
r e s e r v o i r  release. This  is  ev iden t  from t h e  d a t a  on Table  6-3 and t h e  
increased  d i f f e r e n c e  i n  t r a n s p o r t  between t h e  two reaches  a t  t h e  
h igher  r e l e a s e  r a t e s .  



Table 6-3 
Bedload Sediment Transpor t  

80-foot channel ,  energy g r a d i e n t  0.003 f t . / f t . ,  1 / 4 : 1  s i d e  s l o p e s  

Range In  Mid-Point Elapsed Time Sediment Bedload Sediment 
Discharge of Range Time % of Transpor t  Transpor t  Col. 4 

cf s c f s  H r s .  24 H r s .  per  f t . w i d t h  x 5 x Bottom Width 
tons  /day Tons 

240 - 0 155 6 25 1 8  720 
T o t a l  bedload sediment t r a n s p o r t  67,367 

60-foot channel ,  energy g r a d i e n t  0.0025 f t . / f t . ,  2-1/2:1 s i d e  s l o p e s  

6 25 21 
T o t a l  bedload sediment t r a n s p o r t  



The e f f e c t  of widening the  improved reach  t o  t h a t  of t he  upstream 
reach would need t o  be re-evaluated because t h e  n a t t r i b u t a b l e  t o  
t h e  channel would be  changed. Determination of t h e  most e f f i c i e n t  
channel dimension and r e s e r v o i r  r e l e a s e  commensurate wi th  t h e  s i te  
l i m i t a t i o n  may r e q u i r e  s e v e r a l  t r i a l  and e r r o r  computations. 

Bedload sediment t r a n s p o r t  i n  sand bed s t reams wi th  cons tan t  rough- 
ness .  - - The fol lowing procedure may be used i n  sand bed s t reams 
wi th  a median s i z e  l a r g e r  than 0.5 mm. and wi th  cons tan t  bed rough- 
ness .  The s t e p s  t o  be taken a r e  t h e  same a& those  given i n  t h e  
example 6-9 except f o r  t he  v a r i a b l e  roughness computations. 

Example 6-10 

Assume t h a t  s t a b i l i z a t i o n  r e q u i r e s  cons t ruc r ion  of a concrete- l ined 
channel from t h e  edge of t h e  f o o t h i l l s  of a t r i b u t a r y  ac ros s  t h e  
f loodp la in  t o  i t s  junc t ion  wi th  t h e  main stream. The n a t u r a l  channel 
w i th in  t h e  f o o t h i l l s  con ta ins  a f u l l  supply of coarse  sand wi th  a 
median s i z e  of 1 .0  mm. The width of t h e  s t ream averages 28 f e e t  and 
has a g rad ien t  of 0.0195 f e e t  pe r  f o o t .  The s l o p e  of an  a l l u v i a l  f a n  
j u s t  downstream from the  f o o t h i l l  zone is  0.014 f e e t  per  f o o t .  The 
t r i b u t a r y  j o i n s  another  t r i b u t a r y  which has a grade o f ' 0 . 0 0 6  f e e t  per  
f o o t .  a t  t h e  junc t ion .  

The hydrology and hydraul ics  of t h e  proposed improvements show t h a t  
an  8 f o o t  wide r ec t angu la r  s e c t i o n  w i l l  be requi red  t o  handle t h e  
t r i b u t a r y  flow on a grade of 0.014 f e e t  per  f o o t ,  whereas a rec tan-  
g u l a r  s e c t i o n  14 f e e t  wide w i l l  be  requi red  below t h e  junc t ion  of 
t h e  two streams.  Determination of r e l a t i v e  r a t e s  of bedload t r ans -  
p o r t  i n  t he  n a t u r a l  channel,  t r i b u t a r y  s e c t i o n  and a t  t h e  junc t ion  
of t he  t r i b u t a r i e s  is  necessary t o  p r e d i c t  whether t h e  l i n e d  s e c t i o n s  
w i l l  c a r r y  t h e  introduced bedload o r  whether a d e b r i s  bas in  may be 
requi red .  

The est imated cons t an t  n f o r  t h e  3 stream s e c t i o n s  is  0.027 f o r  t h e  
28' bottom-width sand bed s t ream above t h e  concre te  l i n i n g  and 0.014 
f o r  t h e  l i n e d  sec t ions .  

F igure  6-22 shows a s y n t h e t i c  hydrograph f o r  a r e l a t i v e l y  f requent  
event  and Table 6-4 p re sen t s  t h e  mean v e l o c i t y  and d ischarge  f o r  
s t a g e s  of flow t h a t  would be experienced during t h e  runof f .  These 
correspond t o  F igu re  6-18 and Table 6-1 i n  t h e  Procedura l  Guide. 
The d e r i v a t i o n  of F igure  6-23 (Velocity-Area Curve) and Figure 6-24 
(Velocity-Discharge Curve) a r e  descr ibed  f o r  t h e i r  coun te rpa r t s ,  
F igures  6-19 and 6-20 i n  t h e  Guide. Curve 9, F igure  16  of t h e  l a t t e r  
was extended beyond the  d a t a  range i n  o rde r  t o  e s t ima te  sediment 
t r a n s p o r t  a t  h ighe r  v e l o c i t i e s .  Rates  of sediment t r a n s p o r t  per  
f o o t  of width on Figure 6-18 f o r  t h e  3 descr ibed  channel s e c t i o n s  
is  equiva len t  t o  Figure 6-21 of Guide. 











Table 6-4 - Mean Vel-ocity Computations - Three Channel Sections m I 
in 
00 

Natural Channel - 28' bottom width Channel 8' Rectangular Lined Rectangular Channel 
Slope - 0.0195 ft./ft. Slope -0.014 ft./ft. 14 ' width 

1/2:1 Side Slopes n -0.027 n -0.014 Slope -0.006 ft./ft. 

Hyd. Mean Mean 
Depth ~ahius Area Velocity Discharge Area Velocity Discharge Area Velocity Discharge 

ft. ft. sq.ft. f PS cf s sq.ft. fps cfs sq.ft. f p  s cf s 



Table  6-5 g i v e s  t h e  r e s u l t s  of Bedload Sediment T r a n s p o r t  c a l c u l a t i o n s  
i n  t h e  3 s e c t i o n s .  The r e s u l t s  show t h a t  t h e  s t e e p e r  c o n c r e t e  l i n e d  
s e c t i o n  between t h e  t r i b u t a r y  j u n c t i o n  and t h e  n a t u r a l  channel  can c a r r y  
more t h a n  3 t i m e s  t h e  bedload sediment  i n t r o d u c e d  by t h e  storm. However, 
t h e  channe l  below t h e  j u n c t i o n  can c a r r y  l i t t l e  more t h a n  h a l f  t h e  
amount i n t r o d u c e d  from t h e  n a t u r a l  channel .  The r e s u l t  would be a  
p lugging a t  t h e  j u n c t i o n  and b a c k f i l l i n g  of sediment  i n t o  t h e  c o n t r i -  
b u t i n g  channe l .  About 50 p e r c e n t  a d d i t i o n a l  i n f l o w  of  r e l a t i v e l y  
sediment f r e e  w a t e r  from t h e  o t h e r  t r i b u t a r y  would be necessa ry  f o r  
p r e v e n t i o n  of a  p lug  forming a t  t h e  j u n c t i o n .  A b a s i c  r e a s o n  f o r  t h i s  
problem deve lop ing  is  i n d i c a t e d  by i n s p e c t i o n  of F i g u r e  6-25. The 
sediment t r a n s p o r t  c u r v e s  f o r  t h e  1 4 '  l i n e d  channe l  a t  g rade  of 0.006 
f e e t  p e r  f o o t  shows r a t e s  of t r a n s p o r t  s l i g h t l y  i n  e x c e s s  of t h a t  f o r  
t h e  28' incoming channel  s e c t i o n  p e r  f o o t  wid th .  S i n c e  t h e  l a t t e r  i s  
t w i c e  a s  wide,  t r a n s p o r t  over  t h e  whole wid th  s u b s t a n t i a l l y  exceeds 
t h a t  of t h e  l i n e d  s e c t i o n .  The need f o r  c o n s t r u c t i o n  of a  d e b r i s  b a s i n  
t o  t r a p  t h e  bedload sediment is i n d i c a t e d  i n  t h i s  example. 

S l c p e  (Bank) S t a b i l i t y  A n a l y s i s  

General  

A s l o p e  s t a b i l i t y  a n a l y s i s  from t h e  s t a n d p o i n t  of s t r e n g t h  w i l l  n o t  be 
r e q u i r e d  f o r  a l l  channel  banks - - i n  f a c t ,  i t  may n o t  be  r e q u i r e d  
f o r  t h e  m a j o r i t y  of channels .  However, s o i l  c o n d i t i o n s  and a l l  of  
t h e  f o r c e s  t h a t  may a c t  on a  s l o p e  shou1.d be  c a r e f u l l y  cons idered  i n  
d e c i d i n g  whether  o r  n o t  an a n a l y s i s  i s  needed. In some c a s e s ,  i t  may 
n o t  be  economical ly  f e a s i b l e  t o  i n i t i a l l y  c o n s t r u c t  channel  banks i n  
accordance w i t h  d e s i g n  requ i rements  imposed by h i g h  wate r  t a b l e ,  
quicksand o r  "soupy" c o n d i t i o n s ,  o r  o t h e r  a d v e r s e  s o i l  and seepage 
p r e s s u r e  c o n d i t i o n s .  

It should a l s o  be recognized t h a t  i t  may be i m p r a c t i c a l  t o  p r o v i d e  
a b s o l u t e l y  s a f e  channel  s l o p e  d e s i g n s  f o r  every  f o o t  of many channe l  
s e c t i o n s .  S u r f a c e  and s u b s u r f a c e  i n v e s t i g a t i o n s ,  sampling and t e s t i n g  
of s o i l s  a t  channe l  s i t e s  may n o t  be  a s  i n t e n s i v e  a s  a t  dam s i t e s .  
S t a b i l i t y  a n a l y s e s  and s l o p e  d e s i g n  w i l l  g e n e r a l l y  have t o  be based 
on dominant c o n d i t i o n s  w i t h  a d e q u a t e  p r o v i s i o n  f o r  maintenance of 
t r o u b l e  s p o t s  t h a t  may show up d u r i n g  o r  a f t e r  c o n s t r u c t i o n  o r  t h a t  
may n o t  be l a r g e  enough t o  w a r r a n t  v a r i a t i o n  i n  t h e  d e s i g n  of t h e  
o v e r a l l  p r o j e c t .  However, i n  some s i t u a t i o n s  where seepage c o n d i t i o n s  
may be l i m i t e d  i n  e x t e n t  and i n  c r i t i c a l  a r e a s ,  t h e  d e s i g n  based on 
dominant c o n d i t i o n s  may be modi f i ed  by d r a i n a g e  appur tenances  o r  by 
a  change i n  s l o p e  i n c l i n a t i o n .  

The banks of e x i s t i n g  channe l s  i n  s i m i l a r  s o i l s  and under  s i m i l a r  
c o n d i t i o n s  shou ld  be s t u d i e d .  P a s t  exper ience  w i t h  channel  banks 
under s i m i l a r  c o n d i t i o n s  should be  reviewed. 



Tab le  6-5 - Redload Sediment T r a n s p o r t  - 3 Stream S e c t i o n s  7' 

Hydrograph Data 28' Bottom Width- 
(From F ig .  1) N a t u r a l  Channel 8 ' Rectangular 1 4  ' Rec tangu la r  

Slope-0.0195 f t / f t  Lined Channel Lined Channel 
1 / 2 : 1  S i d e  S lopes  Slope-0.014 f t / f t  Slope-0.006 f t / f t  

Range In  Mid-Point Elapsed Time Sediment Bedload Sediment Bedload Sediment Bedload 
Di scha rge  of Range Time % of T r a n s p o r t  Sediment T r a n s p o r t  Sediment T r a n s p o r t  Sediment 

c f  s cfs H r s .  24 Hrs. P e r  ft. T r a n s p o r t  Per  f t .  T r a n s p o r t  Pe r  f  t . Transpor t  
wid t h  Col. 4 x w id th  Col. 4 x wid th  Col .  4 x 

tons /day  Col. 5 x t o n s / d a y  Col .  7 x t o n s l d a y  Col. 9 x 
wid th  wid th  wid th  
t o n s  t o n s  t o n s  

1 2 3 4 5 6 7 8 9 10 





The d e s i g n  of most channe l  banks from t h e  s t a n d p o i n t  of s t r e n g t h  w i l l  
probably  depend l a r g e l y  upon l o c a l  e x p e r i e n c e  and p a s t  performance; 
d e t a i l e d  a n a l y s e s  g e n e r a l l y  w i l l  be l l m i t e d :  

1. t o  t h o s e  s e c t i o n s  where c r i t i c a l  s o i l  o r  s t r e s s  c o n d i t i o n s  a r e  
a n t i c i p a t e d ,  

2. t o  new a r e a s  i n  which e x p e r i e n c e  is  l a c k i n g ,  

3 .  t o  h i g h  hazard  a r e a s  where f a i l u r e  would c a u s e  s e v e r e  damage. 

Too o f t e n  i n s t a b i l i t y  of channe l s  i s  blamed on  e r o s i o n a l  a c t i v i t y  o r  
on bank s loughing .  A c t u a l l y ,  many channe l  bank f a i l u r e s  i n v o l v e  a  
combinat ion of e r o s i o n  and s h e a r  f a i l u r e ,  such  a s :  

1. d e g r a d a t i o n  of t h e  channe l  bottom, 

2. u n d e r c u t t i n g  of a bank because  of channe l  o b s t r u c t i o n s ,  improper 
c u r v a t u r c ,  o r  o t h e r  f a c t o r s  t h a t  d i r e c t  channe l  c u r r e n t s  toward 
t h e  bank, 

3 .  l o s s  of t o e  suppor t  f o r  a  s l o p e  from i n t e r n a l  e r o s i o n  ( p i p i n g ) .  

I n  t h e s e  c a s e s ,  t h e  r e s i s t a n c e  t o  s l i d i n g  i s  reduced ,  and t h e  p o s s i -  
b i l i t y  o f  s l o p e  f a i l u r e  is  i n c r e a s e d ,  even though t h e  o r i g i n a l  s l o p e  
was s t a b l e  b e f o r e  e r o s i o n  occur red .  These f a c t o r s  shou ld  be c a r e f u l l y  ; 

cons idered  i n  e v a l u a t i n g  p a s t  performance o f  c h a n n e l s .  

The o b j e c t  of a  s t a b i l i t y  a n a l y s i s  i s  t o  de te rmine  t h e  f a c t o r  of safe ty  
f o r  t h e  most c r i t i c a l  combinat lon of stresses and boundary c o n d i t i o n s  
a n t i c i p a t e d .  A good e s t i m a t e  of t h e  l o c a t i o n  of t h e  c r i t i c a l  s u r f a c e  
can u s u a l l y  be made by c o n s i d e r i n g  t h a t  t h e  f a i l u r e  s u r f a c e  w i l l  t end  
t o  f o l l o w  t h e  p a t h  of l e a s t  r e s i s t a n c e ,  e . g . ,  through o r  a l o n g  m a t e r i a l  
w i t h  t h e  lowes t  s h e a r  s t r e n g t h .  

Types of S l i d e s  and Methods of A n a l y s i s  

No one method of  s l o p e  s t a b i l i t y  a n a l y s i s  i s  a p p l i c a b l e  t o  a l l  condi-  
t i o n s .  The t y p e  of p o t e n t i a l  s l o p e  f a i l u r e  and t h e  l o c a t i o n  of t h e  
c r i t i c a l  zone o r  p lane  of weakness g e n e r a l l y  d i c t a t e  t h e  method of  
a n a l y s i s  t o  be  used.  

R o t a t i o n a l  s l i d e s .  - - R o t a t i o n a l  s l i d e s  a r e  t h o s e  i n  which t h e  s l i d i n g  
s o i l  mass moves on a  c i r c u l a r  a r c  f a i l u r e  s u r f a c e  through any s e c t i o n  
of t h e  s l o p e  o r  t h e  channel  bottom. 



Fa i lu re  S u r f a c e  

'Failure S u r f a c e  

T h i s  type  o f  f a i l u r e  g e n e r a l l y  o c c u r s  i n  p l a s t i c  s o i l s .  

A Swedish s l i c e  method*/ is  used t o  a n a l y z e  r o t a t i o n a l  s l i d e s  on 
c i r c u l a r  f a i l u r e  arcs th rough  l e v e e s ,  n a t u r a l  banks ,  o r  combinat ions  
t h e r e o f .  T h i s  method i s  most a p p l i c a b l e  t o  s o i l s  t h a t  e x h i b i t  
cohes ion ;  it may be  used i n  t h e  no seepage ,  s t e a d y  seepage and 
r a p i d  drawdown c o n d i t i o n s .  

Although ~ a y l o r '  c h a r t s  of s t a b i l i t y  numbers do n o t  c o n s i d e r  
seepage,  t h e s e  c h a r t s  may be  used f o r  rough d e t e r m i n a t i o n s  and p re -  
l i m i n a r y  s o l u t i o n s  i n  homogeneous c o h e s i v e  s o i l s ,  provided a conserva-  
t i v e  f a c t o r  of s a f e t y  i s  used.  I f  a channe l  is  s t a b l e  from a n  e r o s i o n a l  
s t a n d p o i n t  and deep d r y i n g  c r a c k s  a r e  n o t  l i k e l y  t o  o c c u r ,  bank s t a b i l i t y  
i n  homogeneous c o h e s i v e  s o i l s  is g e n e r a l l y  n o t  a problem f o r  channe l  
d e p t h s  l e s s  t h a n  about  e i g h t  f e e t .  

~ a n b & '  h a s  dpveloped an  a n a l y t i c a l  method f o r  c o h e s i v e  m a t e r i a l s  f o r  
c a s e s  of 0 = 0 and $?J $ 0. C h a r t s  and graphs a r e  p r e s e n t e d  f o r  wet 
s l o p e s  i n  which submergence and drawdown a r e  c o n s i d e r e d  and f o r  d r y  
s l o p e s .  E f f e c t s  of s u r c h a r g e  and t e n s i o n  c r a c k s  are a l s o  inc luded .  
T h i s  method is  l i m i t e d  t o  homogeneous l e v e e s ,  w i t h  s i n g l e  l a y e r  
f o u n d a t i o n s  o r  b a s e  m a t e r i a l s ,  and no s e e p a i e .  

T r a n s l a t o r y  s l i d e s .  - - T r a n s l a t o r y  s l i d e s  a r e  t h o s e  i n  which t h e  s o i l  
mass moves on a zone of weakness t h a t  can be i d e n t i f i e d  a s  t h e  b a s e  
f o r  s l i d i n g .  



Surface 

This  type  g e n e r a l l y  occurs  a s  a  s l i d e  i n  a  weak c l a y  seam (s t ra tum) o r  
where u p l i f t  p r e s su re  i s  excess ive .  

1. The s l i d i n g  wedge metho&/ is  a p p l i c a b l e  t o  t r a n s l a t o r y  s l i d e s  
a long weak p lanes  a t  o r  above t h e  bottom of t h e  channel and 
roughly p a r a l l e l  t o  t h e  ground su r f ace .  This  method i s  used i n  
connect ion wi th  e i t h e r  t h e  no seepage o r  t h e  s t eady  seepage con- 
d i t i o n s ;  i t  is  d i f f i c u l t  t o  e v a l u a t e  t h e  pore water  e f f e c t s  i n  
t h i s  method. . 

2.  The i n f i n i t e  s lope  method of a n a l y s i s  is a p p l i c a b l e  t o  s l o p e s  of 
non-cohesive m a t e r i a l s  t h a t  a r e  s u b j e c t  t o  e i t h e r  s teady  seepage 
o r  r a p i d  drawdown cond i t i ons .  This  method of a n a l y s i s  assumes 
t h e  s o i l  mass s l i d e s  p a r a l l e l  t o  t h e  s lope .  

Boundary Condit ions and Parameters Affec t ing  Slope S t a b i l i t y  

E f f e c t s  of Water 

The s t a b i l i t y  of channel banks i s  a f f e c t e d  by t h e  amount of water i n  
t h e  s o i l  mass, t h e  p re s su re  head on t h e ' w a t e r ,  and t h e  d i r e c t i o n a l  
movement of water  i n  t h e  po re s  of t h e  s o i l .  The weight of t h e  s o i l  
v a r i e s  wi th  mois ture  conten t  which i n  t u r n  a f f e c t s  t h e  f o r c e s  a c t i n g  
on t h e  s o i l  mass. The e f f e c t  of  mois ture  i n  terms of pore p r e s s u r e  
a l t e r s  t h e  r e s i s t a n c e  of s o i l  t o  s l i d i n g  f a i l u r e ,  i . e . ,  seepage 
p re s su re  w i l l  lower s t r e n g t h  whereas s u r f a c e  t ens ion  i n  moist  s o i l  
w i l l  i n c r e a s e  t h e  s t r e n g t h  i n  r e l a t i o n  t o  t h e  s a t u r a t e d  s t r e n g t h .  

Steady seepage. - - When g r a v i t a t i o n a l  water moves through s a t u r a t e d  
s o i l s ,  seepage f o r c e s  a r e  s e t  up by t h e  f r i c t i o n a l  drag exe r t ed  on 
the  s o i l  p a r t i c l e s .  These f o r c e s  a r e  func t ions  of t h e  head l o s s e s  o r  
hyd rau l i c  g r a d i e n t  through t h e  s o i l  mass. When f low moves from t h e  
bank i n t o  t h e  channel ,  t h e  r e s u l t a n t  seepage f o r c e s  decrease  t h e  
s t a b i l i t y  of t h e  bank. 



The maximum a n t i c i p a t e d  e l e v a t i o n  t o  which ground water may develop 
o r  t h e  maximum pres su re  t h a t  may develop i n  shal low a q u i f e r s  should 
be considered. The water l e v e l  and p re s su re  condi t ions  a t  t h e  time 
of i n v e s t i g a t i o n  may not  be t h e  most c r i t i c a l  condi t ion .  For example, 
downstream from a s to rage  dam t h e  ground water l e v e l  i n  t h e  v a l l e y  
may r i s e  cons iderably  a f t e r  t h e  dam is  cons t ruc ted .  When water 
t a b l e  condi t ions  a r e  involved i n  channel bank s t a b i l i t y  s t u d i e s ,  
water  movement should gene ra l ly  be considered i n  a  ho r i zon ta l  di.r- 
ec t ion .  Banks cons i s t i ng  of f i n e  sands and non-cohesive silts a r e  
e s p e c i a l l y  prone t o  slough under h igh  water t a b l e  condi t ions ;  
s t a b i l i t y  of banks i n  t hese  m a t e r i a l s  may no t  be achieved u n t i l  
t h e  ground water  has been lowered. 

Under condi t ions  of permanent low ground water where no seepage 
flow i s  assumed out  of t h e  bank, seepage f o r c e s  can be neglected 
i n  t h e  s lope  s t a b i l i t y  ana lys i s .  However, prolonged heavy r a i n s  
can s a t u r a t e  a po r t ion  of t h e  s o i l  p r o f i l e ,  e s p e c i a l l y  i f  t h e  
p r o f i l e  i s  s t r a t i f i e d ,  and b r ing  water f o r c e s  i n t o  cons idera t ion .  

Drawdown. - - Drawdown is  t h e  lowering of t h e  water l e v e l  aga ins t  
a  channel bank. When t h e  water  s t ands  f o r  some time aga ins t  an 
e a r t h  s lope ,  such as an i r r i g a t i o n  cana l ,  t h e  s o i l  becomes sa tu-  
r a t ed .  Rapid drawdown presupposes a  s u f f i c i e n t l y  quick withdrawal 
of t h e  water  i n  t h e  channel s o  t h a t  t h e  s o i l  i n  t h e  banks remains 
s a tu ra t ed .  Outflow from t h e  banks is considered t o  move hor i -  
zon ta l ly .  

Shear S t rength  

The r e s u l t s  of drained shear  t e s t s  produce t h e  b e s t  s t r e n g t h  para- 
meters  f o r  s t a b i l i t y  a n a l y s i s  of channel banks when a l l  seepage f o r c e s  
a r e  considered.  Shear s t r e n g t h s  from s a t u r a t e d  unconfined compression 
t e s t s  o r  vane shear  tests may be  used f o r  h igh ly  p l a s t i c  s o i l s .  
Resul t s  from consol ida ted ,  undrained shear  t e s t s  may be used i n  l i e u  
of r e s u l t s  from dra ined  shear  t e s t s  when t h e  former a r e  considered 
adequate and r e p r e s e n t a t i v e  o r  when pore water p re s su re s  a r e  measured. 

Unloading by excavat ion and t h e  subsequent weathering of some bank 
m a t e r i a l s  may l ead  t o  swel l ing ,  cracking,  decrease  i n  dens i ty ,  and 
l o s s  of shear  s t r eng th .  Under t h e s e  cond i t i ons ,  t h e  shear  s t r e n g t h  
obtained from t e s t s  on unweathered samples must be ad jus ted  down- 
ward on t h e  b a s i  of knowledge of t h e  m a t e r i a l ,  p a s t  experience,  

3 7 7  and judgement .- 
Unless shear  t e s t s  have been made on m a t e r i a l s  i n  s p o i l  banks o r  
l evees ,  t h e  shea r  s t r e n g t h  of t h e s e  m a t e r i a l s  should be ignored i n  
t h e  r e s i s t i n g  fo rces .  The weight of such m a t e r i a l s  must be con- 
s ide red  i n  t h e  d r iv ing  fo rces ,  however. 



Seismic  Forces  

The e f f e c t  of ea r thquake  shocks can  b e  ignored  i n  t h e  s t a b i l i t y  
a n a l y s e s  o f  channe l  banks i n  a  l a r g e  p o r t i o n  of t h e  Uni ted  S t a t e s .  
However, i n  some a r e a s  ( t h e  Western S t a t e s  i n  p a r t i c u l a r )  s e i s m i c  
e f f e c t s  shou ld  be  e v a l u a t e d  a s  a d e s i g n  f a c t o r ,  when a s l i d e  would 
r e s u l t  i n  c o s t l y  p r o p e r t y  damage o r  l o s s  of  l i f e .  

The d e s i g n e r  shou ld  review t h e  f o l l o w i n g  r e f e r e n c e s  f o r  i n fo rma t ion  
on ea r thquake  h i s t o r y  and s e i s m i c  e f f e c t s  on dams: 

"Earthquake H i s t o r y  o f  t h e  Uni ted  S t a t e s , "  
U.  S .  Department o f  Commerce, Coast  and 
Geodet ic  Survey B u l l e t i n  No. 41-1. 

"Seismic S t a b i l i t y  of E a r t h  Dams" by 
E .  E. Esmiol,  U . S . B . R .  Techn ica l  Memorandum 
No. 641. 

It i s  sugges t ed  t h a t  s e i s m i c  l o a d i n g s  be  o b t a i n e d  from F i g u r e  1 7  of  
Techn ica l  Memorandum No. 641. These l o a d s  a r e  assumed t o  a c t  hor izon-  
t a l l y  i n  t h e  d i r e c t i o n  of i n s t a b i l i t y  and shou ld  be  a p p l i e d  t o  t h e  
w o r s t  c o n d i t i o n  o t h e r  t h a n  r a p i d  drawdown. 

I n  l i e u  of  v a l u e s  from F i g u r e  1 7 ,  ea r thquake  e f f e c t s  may be inc luded  
by t h e  a d d i t i o n  of a h o r i z o n t a l l y  d i r e c t e d  i n e r t i a l  f o r c e  of 0 . 1  g ,  
i . e . ,  t h e  s t r e s s  i n c r e a s e  is  0 . 1  o f  t h e  weight  of  m a t e r i a l  above t h e  
s l i p  s u r f  a c e .  

Surcharge  

Surcharge  l o a d s ,  such  a s  l e v e e s ,  s p o i l  banks and roadways n e a r  t h e  
t o p  of  channe l  banks should  be  avo ided  o r  minimized when p o s s i b l e ,  
e s p e c i a l l y  t h o s e  c o n d i t i o n s  shown i n  t h e  f i g u r e  below. I n  t h i s  
s i t u a t i o n ,  t h e  d r i v i n g  f o r c e s  a r e  i n c r e a s e d  by t h e  weight  of  t h e  
excavated  material p l aced  a t  t h e  t o p  o f  t h e  bank. I n  a d d i t i o n ,  f r e e  
runof f  of s u r f a c e  wa te r  i s  p reven ted .  The s e e p i n g  water from t h e  
l a n d  s i d e  of  t h e  s p o i l  bank weakens t h e  s o i l  i n  t h e  zone of  p o s s i b l e  
f a i l u r e  and i n c r e a s e s  i t s  u n i t  we igh t .  The r e s i s t i n g  f o r c e s  a r e  
d e c r e a s e d ,  and t h e  d r i v i n g  f o r c e s  a re  i n c r e a s e d .  

\ 

Possible Sur face  



When l e v e e s  o r  s p o i l  banks are l o c a t e d  away from t h e  edge of t h e  
channel  bank s o  a s  t o  l e a v e  a berm a t  t h e  ground s u r f a c e ,  t h e  
f o r c e s  t end ing  t o  cause  s h e a r  f a i l u r e  o r  s lough ing  o f  t h e  channel  
bank are c o n s i d e r a b l y  reduced.  NEH, S e c t i o n  l6z/, pages  6-18 and 
6-19, c o n t a i n s  a d i s c u s s i o n  on n a t u r a l  ground berms and s p o i l  banks. 

I f  su rcha rge  l o a d s  w i l l  e x i s t ,  t hey  should  be  cons ide red  i n  t h e  
s t a b i l i t y  a n a l y s i s  of channel  banks.  The l a r g e s t  a n t i c i p a t e d  
v a l u e  of  t h e  u n i t  weight  of  s o i l  i n  l e v e e s  and s p o i l  banks should  
be  used i n  t h e  a n a l y s e s .  Unit  we igh t s  w i l l  v a r y  w i t h  s o i l  t y p e s ,  
mo i s tu re  c o n t e n t s ,  and methods o f  placement.  For example, t h e  
u n i t  weight  o f  m a t e r i a l s  p laced  by d r a g l i n e  may v a r y  cons ide rab ly  
from t h e  u n i t  weight  of  m a t e r i a l  p l aced  by h a u l i n g  equipment. 

The l i n e  l o a d ,  p l u s  t h e  a p p r o p r i a t e  roadbed s u r c h a r g e  l o a d ,  should  
be  inc luded  i n  t h e  s t a b i l i t y  a n a l y s i s  when roads  w i l l  b e  l o c a t e d  
a d j a c e n t  t o  banks ,  on berms o r  on l e v e e s  of channel  p r o j e c t s .  

Tension Cracks 

Exper ience  h a s  shown t h a t  t h e  upper p o r t i o n  of most cohes ive  s l o p e s  
i s  i n i t i a l l y  i n  a  s t a t e  of t e n s i o n .  The dep th  t o  which t e n s i o n  
ex tends  can  be roughly  e s t ima ted  by t h e  fo l lowing  equa t ion :  

where terms a r e  as de f ined  i n  g l o s s a r y .  

I n  a s t a b i l i t y  a n a l y s i s ,  t h e  d e p t h  of  t e n s i o n  c r a c k s  should  n o t  be 
extended below t h e  wa te r  t a b l e  o r  ove r  one-half t h e  h e i g h t  of t h e  
s l o p e .  For  a v e r t i c a l  bank, t h e  l o c a t i o n  of g r e a t e s t  t e n s i l e  stress 
is  back from t h e  edge of  t h e  c u t  a d i s t a n c e  e q u a l  t o  approximate ly  
one-half of  t h e  h e i g h t .  The cohes ion  p o r t i o n  of  t h e  s h e a r  s t r e n g t h  
should  n o t  b e  used  i n  t h e  zone of  c r ack ing .  The h y d r o s t a t i c  p r e s s u r e  
c r e a t e d  by w a t e r  i n  t h e  c racks  should  be added t o  t h e  d r i v i n g  f o r c e s .  

Cracks caused by e x c e s s i v e  sh r inkage  may e x i s t  i n  some s o i l s  t o  
g r e a t e r  dep ths  t h a n  t h e  t e n s i o n  zone p r e v i o u s l y  d i s c u s s e d .  The 
s o i l s  g e n e r a l l y  most s u s c e p t i b l e  t o  sh r inkage  c rack ing  are c l a y s  
having  l i q u i d  l i m i t s  g r e a t e r  t h a n  40 and p l a s t i c i t y  i ndexes  g r e a t e r  
t h a n  20. 



I n  c l ay  s o i l s  where t h e  water t a b l e  i s  low, shr inkage c racks  may 
develop i n  channel banks a s  shown i n  t h e  above ske tch ;  r ega rd l e s s  
of t h e  s l o p e  of t h e  bank. Blocks of s o i l ,  a s  i nd ica t ed  by t h e  c ross -  
hatched l i n e s ,  a r e  f u r t h e r  weakened by water i n  t h e  channel and 
eventua l ly  a r e  moved from the  bank. Under t hese  cond i t i ons ,  channel 
banks tend t o  become v e r t i c a l .  A s i m i l a r  s i t u a t i o n  occurs  i n  dry 
s o i l s  having a  columnar s t r u c t u r e ,  such as l o e s s .  

None of t h e  methods of s t a b i l i t y  a n a l y s i s  presented i n  t h i s  s e c t i o n  
a r e  d i r e c t l y  app l i cab le  t o  a  s o l u t i o n  involv ing  t h e  shrinkage condi t ion .  

Fac to r s  of Sa fe ty  Against S l id ing  

The end r e s u l t  of a l l  methods of s l o p e  s t a b i l i t y  ana lyses  i s  a  
comparison of t h e  f o r c e s  t h a t  cause s l i d i n g  wi th  those  t h a t  r e s i s t  
s l i d i n g .  The r a t i o  of t he  r e s i s t i n g  fo rces  t o  t h e  d r i v i n g  fo rces  
i s  the  f a c t o r  of s a f e t y  a g a i n s t  s l i d i n g .  

The minimum acceptable  f a c t o r  of s a f e t y  i s  dependent: 

1. on t h e  method of a n a l y s i s  used, 

2 .  on whether a l l  loads and f o r c e s  on the  banks have been 
considered and included i n  t h e  a n a l y s i s ,  

3 .  on s t r e n g t h  parameters t h a t  may have t o  be c o r r e l a t e d  o r  
es t imated  t o  a  cons iderable  e x t e n t  because of l imi t ed  i n t e n s i t y  
of i n v e s t i g a t i o n  and t e s t i n g .  

Piping 

Piping i s  t h e  movement of s o i l  p a r t i c l e s  by pe rco la t ing  water and 
t h e  subsequent development of i n t e r n a l  channels  o r  p ipes .  The 
formation of p ipes  i n  t h e  per iphery  of a channel reduces support  
f o r  t h e  t o e  of t h e  s lope ;  t h i s  l o s s  of support  may eventua l ly  
c r e a t e  an uns t ab le  bank. 

When h y d r o s t a t i c  p re s su re  e x i s t s  i n  a  sub-stratum at  a  planned 
p r o j e c t  s i t e ,  t h i s  pressure  may become excess ive  when overburden 
m a t e r i a l s  a r e  removed, wi th  t h e  r e s u l t  t h a t  heaving and p ip ing  may 
occur  i n  t h e  bottom and/or banks of channel ,  Af te r  excavat ion of 
t h e  channel,  t h e  e f f e c t i v e  weight of t h e  s o i l  over ly ing  t h e  s t ra tum 
under h y d r o s t a t i c  p re s su re  must be g r e a t e r  than  t h e  u p l i f t  p r e s su re  
i f  t h e  channel  is t o  be s t a b l e .  I n  o rde r  t o  make an  a n a l y s i s ,  t h e  
h y d r o s t a t i c  p re s su re  must be determined by piezometers o r  o t h e r  
means. 

Water impounded i n  a  r e s e r v o i r  may inc rease  t h e  u p l i f t  p ressure  on 
a  channel downstream from a  dam. I n  those  cases  where a  l e s s  
pervious b lanket  o v e r l i e s  a more pervious s t  atum, t h e  u p l i f t  

3 8 7  a n a l y s i s  may be  made by b lanket  equations.- 



In the case where an aquifer lies above the bottom of a channel, 
it may be necessary to construct a flow net to determine the exit 
gradient for use in a piping analysis. 

The minimum acceptable factor of safety against heaving and piping 
is generally 1.5. 

Stabilizing Measures 

General 

When the preliminary design for an earth channel indicates that the 
allowable tractive force and velocity will be exceeded, considera- 
tion should be given to vegetation or structural stabilization. 

Stabilizing measures can be classified broadly into three groups - - 
bank protection, channel linings, and grade control structures. 

Bank protection and channel linings protect the channel surfaces 
from erosion caused by movement of water and transported materials 
and from shallow surface sliding. 

Grade control structures may be used to reduce the channel bottom 
grade with a resulting reduction in velocity and scour, to control 
overfalls at the head end of channels, and to control the discharge 
from tributary channels. 

The selection of a particular measure or combination of measures 
should be based on sound engineering and agronomic principles for 
each particular situation since channel stabilizing problems can 
vary considerably from one location to another. 

Except in narrowed channels, protective elements should approximate 
natural roughness. Revetments should be as coarse in texture as 
natural banks. Retards, baffles and jetties should simulate the 
effect of trees and boulders along natural banks and in overflow 
channels. 

Bank Protection 

Under certain conditions channel stability may be obtained by pro- 
viding protection to the banks only. Examples are at sharp changes 
in alignment and at bridges, culverts, or grade control structures 
where the bottom is stable. 

Vegetation may be considered for sites suitable to good vegetative 
growth. It can be used alone or in conjunction with structural 
measures to provide a more effective and permanent type of protection. 



< 

It may be necessary to use temporary materials to protect the seed- 
lings or plants against erosion from wind and runoff during the period 
of establishment. 

Permissible velocities for vegetative cover are given in Table 3 of 
SCS-~~-6la'. This table indicates a range of velocities from 2.5 
f.p.s. for easily erodible soil, to 8.0 f.p.s. for erosion-resistant 
soil. Velocities exceeding 5.0 f.p.s. should not be used except 
where good cover and proper maintenance are assured. 

Conditioned Earth 

Conditioned earth may be used to increase the stability of channels 
with stable bottoms by providing denser, more erosion-resistant 
soil in the channel banks. Earth banks may be "conditioned" by 

391 the following methods: (See page 29 of - ) 

1. Compacting the existing soil in the shaped channel to a 
greater density. 

2. Over-excavating to a larger cross section tha~ necessary, and 
placing a 
methods 1 
than 3 to 

3. By adding 

Revetments of 

compacted less permeable soil as a lining. Both 
and 2 are not easily adaptable to4slopes steeper 
1. 

chemicals to the soil. 

4 2 /  s/ - 

various types may be used to stabilize channel banks. 

Retards and permeable jetties. - Retards and permeable jetties are 
extensive or multiple-unit structures composed of open forms like 
piling, fencing, and unit frames. However, their function and 
alignmenr are different. 

Retards are placed parallel to erodible banks of channels on stable 
gradients where the prime purpose is to Lessen the tangental or 
impinging stream velocities sufficiently to prevent erosion of the 
bank and to induce deposition. As a remedial measure, the prime 
purpose may be deposition near the bank in deep channels or restora- 
tion of an eroded bank by accretion. 

Retards may be used alone (see Fig. 189 of d) if the bank will. be 
protected by deposition behind the retard, or by establishment of 
vegetation, otherwise they should be used in combination with an 
armor protection. (See Fig. 190 of 5 1 )  Retards may permit use 
of a lighter type of armor or they may be used as toe protection 
of armor revetments when a good foundation for the revetment is 
impractical because of high water or extreme depths of poor soil 
materials. 



On tangen t  r e a c h e s  where t h e  channe l  i s  narrow, r e t a r d s  may, by 
s lowing t h e  v e l o c i t y  on one s i d e ,  a f f e c t  a n  i n c r e a s e  i n  v e l o c i t y  
on t h e  o t h e r .  I n  wide r e a c h e s  of a  meandering s t ream r e t a r d s  may 
reduce  an impinging a t t a c k  a s  w e l l  a s  have b e n e f i c i a l  e f f e c t  on 
t h e  o p p o s i t e  bank by slowing a  rebounding h i g h  v e l o c i t y  wave. 

Permeable j e t t i e s  a r e  p laced  a t  a n  a n g l e  w i t h  t h e  channel  bank and 
a r e  g e n e r a l l y  used i n  meandering s t reams  t o  d i r e c t  t h e  c u r r e n t  away 
from t h e  bank. (See Fig .  191  of G / )  They encourage d e p o s i t i o n  
of bed material and growth of v e g e t a t i o n ,  b u t  where r e t a r d s  b u i l d  
a narrow s t r i p  i n  f r o n t  of t h e  bank,  permeable j e t t i e s  cover  a 
wider  a r e a  roughly  l i m i t e d  by t h e  envelope o f  t h e  o u t e r  ends .  

Timber p i l i n g .  - - Timber p i l i n g  r e t a r d s  and j e t t i e s  may b e  of 
s i n g l e ,  doub le  o r  t r i p l e  rows of p i l e s  w i t h  t h e  o u t s i d e  c r  upst ream 
row faced  w i t h  w i r e  mesh o r  woven w i r e  f e n c i n g  m a t e r i a l  which adds  
t o  t h e  r e t a r d i n g  e f f e c t  by t r a p p i n g  l i g h t  b r u s h  o r  d e b r i s .  Th i s  
t y p e  of r e t a r d  i s  p a r t i c u l a r l y  adapted t o  l a r g e r  channe l s  where 
t h e  p i l e s  w i l l  remain i n  t h e  w a t e r ,  removed from t h e  f i r e  hazard  
of brushy banks.  The number of p i l e  rows and amount of w i r e  may 
be v a r i e d  t o  c o n t r o l  t h e  d e p o s i t i o n  of m a t e r i a l .  I n  l eveed  
c h a n n e l s ,  i t  i s  o f t e n  d e s i r a b l e  t o  d i s c o u r a g e  a c c r e t i o n  i n  o r d e r  
n o t  t o  c o n s t r i c t  t h e  channel  b u t  s t i l l  p rov ide  s u f f i c i e n t  r e t a r d i n g  
e f f e c t  t o  p r e v e n t  l o s s  of bank p r o t e c t i o n  such  a s  v e g e t a t i o n  o r  
s m a l l  rock r i p r a p .  When used a s  j e t t i e s ,  t h e  purpose  i s  t o  encourage 
d e p o s i t i o n  of m a t e r i a l  and p r o t e c t  v e g e t a t i o n .  Assuming n e g l i g i b l e  
f i r e  hazard ,  t h e  wood may b  t r e a t e d  w i t h  p r e s e r v a t i v e  t o  p rov ide  
a l o n g  l i f e  ( F i g .  195 of d )  . 
Fence t y p e s .  - - For s m a l l e r  c h a n n e l s  o r  a r e a s  of l e s s  f r e q u e n t  
f l o o d  f low a t t a c k ,  such a s  over f low a r e a s ,  s i n g l e  and double  r o  s 
of v a r i o u s  t y p e s  of f e n c i n g  may be  used.  ( F i g s .  202-205 of cY) 
A l l  me ta l  t y p e s ,  such a s  pipe-and-wire o r  ra i l - and-wi re ,  a r e  more 
s u i t a b l e  when c o n d i t i o n s  a r e  conducive t o  t h e  growth of b rush  t h a t  
p r e s e n t s  a  s e r i o u s  f i r e  hazard t o  wooden p o s t s .  D e t a i l s  of t y p i c a l  

of pipe-and-wire r e t a r d s  are found i n  F i g s .  206 and 207 
of - 
The p r i n c i p a l  d i f f e r e n c e  between f e n c e  r e t a r d s  and o r d i n a r y  woven 
w i r e  f e n c e s  i s  t h e  p o s t s  of r e t a r d s  must be  d r i v e n  s u f f i c i e n t l y  
deep t o  avo id  l o s s  by s c o u r .  

When i t  is  n e c e s s a r y  t o  reduce  t h e  p e r m e a b i l i t y  a s  an  a i d  i n  
d i r e c t i n g  t h e  s t r e a m ,  a s  i s  f r e q u e n t l y  r e q u i r e d  a t  e a r  h  f i l l s  
behind b r i d g e  abutments ,  s e l f - a d j u s t i n g  w i r e  b a s k e t e F  may be 
used and f i l l e d  w i t h  a l t e r n a t e  l a y e r s  of rock  and b r u s h .  

P e r m e a b i l i t y  can  be  v a r i e d  t o  m e e t  t h e  requ i rements  of t h e  l o c a t i o n .  
For  s i n g l e  f e n c e s ,  t h e  f a c t o r  most r e a d i l y  v a r i e d  i s  t h e  p a t t e r n  of 
t h e  w i r e  mesh. For m u l t i p l e  f e n c e s ,  t h e  mesh p a t t e r n  can be v a r i e d  
o r  t h e  space  between f e n c e s  can be  f i l l e d  t o  any d e s i r e d  h e i g h t .  



Making optimum use of l o c a l  m a t e r i a l s ,  t h i s  f i l l  may be  brush 
b a l l a s t e d  by rock,  o r  rock alone.  

Jacks  and te t rahedrons .  - These dev ices  a r e  s k e l e t a l  frames adapt- 
a b l e  t o  permeable r e t a r d s  and j e t t i e s  by ty ing  a number of s i m i l a r  
u n i t s  t oge the r  i n  t h e  des i r ed  alignment.  

They se rve  b e s t  i n  meandering channels  t h a t  c a r r y  cons iderable  
bedload during f lood s tages .  Impedance of t h e  s t ream along t h e  
s t r i n g  of u n i t s  causes depos i t i on  of bed m a t e r i a l ,  e s p e c i a l l y  a t  
t h e  c r e s t  of flow and during f a l l i n g  s t ages .  Beds of such s t reams 
o f t e n  scour  on t h e  r i s i n g  s t a g e ,  undercut t ing  the  u n i t s  and caus- 
ing  t h e i r  subsidence,  and r o t a t i o n  when one l e g  o r  s i d e  i s  undercut 
more than t h e  o t h e r .  Deposition on t h e  f a l l i n g  s t a g e  usua l ly  
r e s t o r e s  t h e  former bed and p a r t i a l l y  o r  completely b u r i e s  t h e  
u n i t s .  However, i n  t h e  lowered and r o t a t e d  p o s i t i o n ,  they may be  
completely e f f e c t i v e  during f u t u r e  f lood  flows. 

Se l ec t ion  of jacks  and te t rahedrons  may be inf luenced by l o c a t i o n  
i n  o r  near  urban o r  r e c r e a t i o n a l  a r e a s .  Unless t h e  u n i t s  w i l l  b e  
screened by n a t u r a l  vege ta t ion ,  a t t e n t i o n  should be given t o  t h e i r  
appearance. Where u n i t s  may become " a t t r a c t i v e  nuisances,"  d e t a i l s  
should avoid sharp  po in t s  and edges o r  o t h e r  f e a t u r e s  dangerous t o  
ch i ld ren .  

Rock r i p r a p  (not  grouted) .  - This  kind of p r o t e c t i o n  c o n s i s t s  of 
rock courses  placed e i t h e r  d i r e c t l y  upon t h e  bank s opes o r  on f grave l  f i l t e r s  on bank s lopes .  (See F ig .  152 of 43 ) 

Where s tones  of s u f f i c i e n t  s i z e  and q u a l i t y  a r e  a v a i l a b l e ,  i t  may 
be the  most economical type of revetment and has  t h e  fol lowing 
advantages: 

It is  f l e x i b l e .  

Local damage o r  l o s s  is  e a s i l y  r epa i r ed  by t h e  add i t i on  of 
rock. 

Appearance i s  n a t u r a l ,  hence acceptab le  i n  r e c r e a t i o n a l  a r eas .  

Vegetat ion may grow through t h e  rocks adding s t r u c t u r a l  va lue  
t o  t h e  bank m a t e r i a l  and r e s t o r i n g  n a t u r a l  roughness. 

Addi t iona l  th ickness  can be provided a t  t h e  t o e  t o  o f f s e t  
poss ib l e  scour  when it  i s  no t  f e a s i b l e  t o  found i t  upon a  
s o l i d  foundat ion.  

Wave runup is l e s s  (as much a s  70%) than wi th  smooth l i n i n g s .  

It is sa lvab le .  The rock may be s tockp i l ed  and re-used i f  
necessary. 



h. Rock s l o p e  p ro t ec t ion ,  more than  any o the r  type,  adopts  a  non- 
uniform widely varying m a t e r i a l  t o  a  s t r u c t u r a l  purpose, wi th  
g r a v i t y  a lone  holding t h e  s t o n e  toge ther .  

Rock r i p r a p  should: 

a .  Assure s t a b i l i t y  of t h e  pro tec ted  bank as an i n t e g r a l  p a r t  of 
t he  channel a s  a  whole. For t h i s  major o b j e c t i v e ,  t he  i d e a l  
condi t ion  f o r  s t a b i l i t y  i s  a s t r a i g h t  channel o r  a gen t ly  
curved channel wi th  i ts  o u t e r  bank rougher and more e ros ion  
r e s i s t a n t  than  the  inner  bank. 

b. T ie  t o  s t a b l e  n a t u r a l  bank, b r idge  abutments o r  o t h e r  f i xed  
improvements w i th  t r a n s i t i o n s  designed t o  ea se  d i f f e r e n t i a l s  
i n  al ignment ,  grade, s l o p e  and roughness of banks. 

c .  El iminate  o r  ease  l o c a l  i r r e g u l a r i t i e s  so  a s  t o  s t reaml ine  
the  p ro t ec t ed  bank. 

Rock and w i r e  ma t t r e s s  (gabion revetment) .  - This  type of bank 
p r o t e c t i o n  c o n s i s t s  of connected f l a t  mats f a b r i c a t e d  of wire  mesh 
o r  woven wi re  fencing f i l l e d  w ' th  rock and adequately anchored t o  

4 3 7  t he  bank. (See Fig.  363 of - ) 

A s  a revetment,  i t s  a p p l i c a t i o n  has  been l i m i t e d  t o  l o c a t i o n s  where 
t h e  rock economically a v a i l a b l e  is  too small  f o r  ord inary  rock 
r i p r a p ,  o r  where grouted p r o t e c t i o n  is  unsui ted  because of f i neness  
of s tone  o r  i n s e c u r i t y  of bedding o r  foundat ion.  A l t e rna t ives  of 
wi re  s t r e n g t h  and mat s i z e s  make rock and wire  ma t t r e s se s  adaptable  
t o  a wide range of exposure t o  hydrau l i c  f o r c e s ,  bu t  t h e  l i g h t e r  
exposures a r e  served more economically by r e t i c u l a t e d  revetment. 

The most common use  of rock and wi re  ma t t r e s se s  has  been t o  provide 
f l e x i b l e  t o e  p r o t e c t i o  f o r  o t h e r  types of bank p r o t e c t i o n  a s  shown 
i n  Figs.  179-181 of u7. The mat w i l l  a d j u s t  i t s e l f  by f l exu re  and 
subsidence,  and block the  progress  of e ros ion  and scour  t h a t  might 
t h r e a t e n  the  t o e  of t h e  bank. This  type has no t  performed we l l  on 
curves (Figs.  182, 325 of %I),  where se t t l emen t  r e q u i r e s  extending 
o r  shor ten ing  of t he  l eng th  of t h e  mat. It i s  more adapted t o  
tangent  reaches  when the  mat has  s u f f i c i e n t  s t r e n g t h  t o  hang suspen- 
ded when deep o r  uneven scour  occurs .  Its l i f e  and t h a t  of t h e  
bank p r o t e c t i o n  above depend on t h e  d u r a b i l i t y  and s t r e n g t h  of 
t h e  wire .  Therefore,  rock and wire  mats should have a  longer  
s e r v i c e  l i f e  i n  d r i e r  c l imates  and mature channels car ry ing  mud 
and s i l t  (but  no t  grave l  and s t o n e s  t h a t  would ab ra id  and shor ten  
the  l i f e  of t h e  wire mesh). 

Considering t h e  high cos t  of t h e  l abo r  involved, t he  ques t ionable  
s e r v i c e  l i f e  of t h e  wire ,  and t h e  e f f i c i e n c y  of modern methods of 
excavat ing f o r  t oe  p ro t ec t ion ,  use of t h i s  type  of bank p r o t e c t i o n  
has decl ined.  



Ret i cu l a t ed  revetment.  - Wire-mesh n e t t i n g  is  u s e f u l  i n  revetment 
work t o  con f ine  rock t h a t  by i t s e l f  would be  too  l i g h t  t o  resist 
t h e  e r o s i v e  f o r c e s  of t h e  s t ream flow. It may be  used a s  a  cover 
f o r  banks over  which a  l a y e r  of rocky m a t e r i a l  has  been placed. 
The s i z e  of t h e  mesh must be  sma l l  enough t o  conf ine  t h e  major i ty  
of t h e  s tones .  Although some smal l  s t o n e s  may wash through t h e  
n e t t i n g ,  t h e r e  w i l l  remain a  t op  l a y e r  of l a r g e r  s t o n e s  which, i n  
t u r n ,  w i l l  con f ine  t h e  smal l  s t o n e s  underneath.  

The n e t t i n g  i s  p laced  over t h e  rocky s lope  and pinned by means of 
s h o r t  l e n g t h s  of r e i n f o r c i n g  b a r  hooked a t  t h e  top.  Brush may 
grow through t h e  w i r e  and provide a d d i t i o n a l  anchorage. An 
a p p l i c a t i o n  of t h i s  type i s  shown i n  Fig.  187 and t y p i c a l  des ign  
d e t a i l s  a r e  shown i n  Fig.  188 of 431. I f  t h e  channel  bed m a t e r i a l  
is  g r a v e l ,  t h e  w i r e  may se rve  a s  a  f l e x i b l e  t o e  p r o t e c t i o n  by 
extending i t  i n t o  t h e  channel bed and weighting t h e  t o e  end. 

Sacked conc re t e  r i p r a p .  - This  method of p r o t e c t i o n  c o n s i s t s  of 
f ac ing  t h e  banks w i th  sacks f i l l e d  w i t h  dry conc re t e  mix. Much 
hand l abo r  is  r equ i r ed  but  i t  i s  s imple t o  c o n s t r u c t  and adaptab le  
t o  almost any contour .  A photograph of t h i s  type  of i n s t a l l a t i o n  
i s  shown i n  F ig .  169 and t y p i c a l  p l a n s  ad p ted  t o  s e v e r a l  s l opes  .7 a r e  reproduced i n  F.igs, 170 and 171 of 33 . 
Sacked conc re t e  i s  an  expensive bu t  commonly used type  of reve t -  
ment. Where bo th  ledge rock and g rave l  a r e  r e a d i l y  a v a i l a b l e ,  
sacked conc re t e  may c o s t  four  t o  f i v e  t imes a s  much a s  an equal  
q u a n t i t y  of rock. It is almost never  used u n l e s s  s u i t a b l e  s t ream 
g rave l  is  a v a i l a b l e  a t  t h e  l o c a t i o n  and s a t i s f a c t o r y  rock i s  no t .  

Dry pack may be an exce l l en t  dev ice  f o r  subaqueous placement, f o r  
i n i t i a l  foundat ion ,  o r  r e p a i r  of undercu ts .  It i s  a l s o  adaptab le  
f o r  p r o t e c t i o n  o r  r e p a i r  of s m a l l  a r e a s .  

I n  many l o c a t i o n s ,  t h e  smoothness of sacked conc re t e  is very undesir-  
a b l e  and i t s  use  may r e q u i r e  s u r f a c e  roughening. P r o j e c t i n g  dowel 
b a r s  and honeycombed su r f ace  conc re t e  have been used f o r  t h i s  
purpose. 

Por t land  cement concre te  a r t i c u l a t e d  block. - This  type  of r eve t -  
ment c o n s i s t s  of small  p r ecas t  conc re t e  blocks he ld  toge ther  t o  

f l e x i b l e  mat, A- t y p i c a l  i n s t a l l a t i o n  is shown i n  Fig.  115 
of - . 
In  t h i s  type  of i n s t a l l a t i o n ,  t h e  blocks con ta in  wire-mesh r e in -  
forcement w i t h  r e b a r s  extending o u t  from each edge and bent  i n t o  
an eye a t  one edge and a  hook a t  t h e  oppos i t e  edge. A s  t h e  block 
is  p laced ,  t h e  open hooks a r e  pu t  through t h e  eyes  of t h e  ad j acen t  
blocks and c losed .  It i s  e a s i l y  placed and i s  d e s i r a b l e  from an 
appearance s t andpo in t .  This  type  of f a b r i c a t i o n  becomes compli- 
ca ted  f o r  curved contours  a s  t h e  blocks must be c a s t  i n  d i f f e r e n t  



s i z e s  f o r  each row. U s e  of t h i s  t ype  has  been most succes s fu l  
f o r  t o e  p r o t e c t i o n  on tangent  s e c t i o n s .  

Grouted rock r i p r a p .  - This  type  of revetment c o n s i s t s  of rock 
r i p r a p  having vo ids  f i l l e d  w i t h  po r t l and  cement conc re t e  grout  - - 

t o  form a  monol i th ic  armor. A photograph of t h i s  t ype  of in-  
s t a l l a t i o n  is  shown i n  Figs .  112, 159 and a  t y p i c a l  p l a n  i n  Fig.  
160 of 431. It has  a p p l i c a t i o n  i n  a r e a s  where rock of s u f f i c i e n t  
s i z e  f o r  o rd ina ry  rock r i p r a p  is n o t  economically a v a i l a b l e .  It 
a l s o  w i l l  g e n e r a l l y  reduce t h e  q u a n t i t y  of rock needed f o r  a  given 
job. Grouting n o t  on ly  p r o t e c t s  t h e  s t o n e s  from t h e  f u l l  f o r c e  of 
h igh  v e l o c i t y  water  bu t  i n t e g r a t e s  a  g r e a t e r  mass t o  resist i t s  
pressure .  

Grouting w i l l  u s u a l l y  more than double t h e  c o s t  p e r  u n i t  volume of 
s tone ,  bu t  t h e  u s e  of smal le r  s t o n e s  i n  grouted rock  s l o p e  pro- 
t e c t i o n  than i n  an equiva len t  p r o t e c t i o n  us ing  ungrouted s tones  
permi ts  a lesser th i cknes s  of p r o t e c t i o n  which may o f f s e t  t o  some 
e x t e n t  t h e  c o s t  of t h e  grout .  

A s  t h i s  type  of p r o t e c t i o n  is r i g i d  without  h igh  s t r e n g t h ,  support  
by t h e  banks must be  maintained. Slopes s t e e p e r  than  t h e  angle  
of repose of t h e  bank m a t e r i a l  a r e  r i s k y .  

Asphalt  conc re t e  paving. - This  t ype  of revetment c o n s i s t s  of a  
f ac ing  of a s  h  It concre te  u s u a l l y  r e in fo rced  by w i r e  mesh. (See t 7 Fig.  175 of 2 ) Such revetment i s  ve ry  s u s c e p t i b l e  t o  damage 
from h y d r o s t a t i c  p r e s su re  behind t h e  pavement and should no t  be 
used un le s s  r e l i e f  from t h i s  cond i t i on  can be  provided a t  reason- 
a b l e  c o s t .  

It has  found most u se  i n  bank l i n i n g s  where drawdown is  no t  rap id  
and water  p r e s su re  a c t s  t o  main ta in  c l o s e  con tac t  between t h e  paving 
and t h e  bank. It has  been used without  re inforcement  a s  a  l i n i n g  
f o r  small  d r a inage  i t c h e s  where i t  is  placed and compacted by hand. 
(See F ig .  176 of G?.) 

Concrete paving. - This  method of p r o t e c t i o n  c o n s i s t s  of paving the 
bank s lopes  w i t h  r e in fo rced  po r t l and  cement concre te .  A photograph 
of t h i s  type  of i n s t a l l a t i o n  i s  shown i n  Fig.  162 and t y p i c a l  p l ans  
a r e  shown i n  F igs .  163 and 164 of 431. 

It i s  p a r t i c u l a r l y  adaptab le  t o  l o c a t i o n s  where t h e  hyd rau l i c  
e f f i c i e n c y  of smooth su r f aces  is important .  On a  cubic  yard 
b a s i s ,  t h e  c o s t  i s  high but  a s  t h e  t h i cknes s  i s  gene ra l l y  on ly  
3 t o  6 inches ,  t h e  c o s t  on a  b a s i s  of a r e a  covered w i l l  usua l ly  
be  less than f o r  sacked concre te  s l o p e  p ro t ec t i on .  This  is  
e s p e c i a l l y  s o  when s u f f i c i e n t l y  l a r g e  q u a n t i t i e s  a r e  involved 
and alignment w i l l  permit t h e  u se  of mass product ion equipment 
such a s  s l ip-form pavers .  



Because of the rigidty of portland cement concrete slope paving, 
its foundation must be good and the bank slopes stable. 

Bulkheads. - In bank protection, a bulkhead is constructed along 
a steep slope to retain the bank from sliding as well as to protect 
it against erosion. (Fig. 226 of %/.) 

Walls. - - The commone3t bulkhead in bridge practice is the wingwall 
(or endwall) serving as a transition from a rectangular constr'ction 
to a trapezoidal channel. The commonest forms (Fig. 227 of 2?) are: 

Straight Endwall 

This type has no transitional value but protects approach 
against eddy erosion; it is suitable only for low velocity 
in poorly defined channel. 

Straight Wingwall 

This type also has no transitional value but protects steep 
banks which support the approach embankment. 

Oblique Wingwall 

This is a conventional transition; it is efficient and economical P 

for well-defined channels and moderate velocity. Flare angle in 

300 for degrees should be limited to -- for converging and - v v 
diverging flow, where V is the velocity in f.p.s. through the 
constricted section. 

Tapered Wall 

Tapering the grade of the parapet of either the straight or 
oblique wingwall is common practice for streams of moderately 
low velocities. By matching the surcharge slope to the natural 
bank, the transition progressively exposes this slope to the 
low velocity boundary of the varied flow. 

Warped Wall 

Tapering the slope of the wall from vertical at the abutment 
to a stable-bank slope at the end of the wall makes an 
excellent transition for moderate to high velocity. 



6. Returned Wall 

Building t h e  s tandard c a n t i l e v e r  w a l l  on a curved alignment 
re turned  from t h e  abutment i s  an  economical s o l u t i o n  f o r  a 
combination of a vu lnerable  approach embankment p ro j ec t ing  
i n t o  a channel wi th  durable  banks. 

Cr ibs .  - - Timber and concre te  c r i b s  are used f o r  bulkheads i n  
l o c a t i o n s  where some f l e x i b i l i t y  i s  d e s i r a b l e  o r  permiss ib le  
(Figs.  229-233 of .?.?-I). Using b a c k f i l l  f o r  s t a b i l i t y ,  c r i b s  
a r e  economical i n  t h e  use  of s t r u c t u r a l  m a t e r i a l s .  Thei r  rough 
s u r f a c e s  a r e  advantageous i n  a l l  n a t u r a l  l o c a t i o n s  where banks 
a r e  exposed t o  h igh  v e l o c i t i e s .  

P i l i n g .  - - Timber, concre te  and s t e e l  p i l i n g  a r e  used f o r  bulk- 
heads depending on deep p e n e t r a t i o n  of foundat ion m a t e r i a l s  f o r  
a l l  o r  p a r t s  of t h e i r  s t a b i l i t y .  Any of t h e  t h r e e  m a t e r i a l s  is  
adaptable  t o  s h e e t  p i l i  g o r  a sheathed system of pos t  o r  column 9 p i l e s .  (Fig. 234 of 43 .) 

Channel Lin ings  

Channel l i n i n g s  a r e  used t o  p r o t e c t  t h e  e n t i r e  channel  su r f ace .  

Vegetat ion is  t h e  most commonly used p r o t e c t i o n  f o r  channels wi th  
inf requent  flow, r e l a t i v e l y  low v e l o c i t i e s ,  and where a good s tand  
can be e s t a b l i s h e d  and maintained. 

Ungrouted rock r i p r a p  may be used f o r  channel l i n i n g  where s o i l s  
a r e  no t  s u i t a b l e  t o  vege ta t ive  growth. Such l i n i n g  i s  app l i cab le  
t o  t h e  i n l e t  and o u t l e t  of channel  s t r u c t u r e s  f o r  s t a b i l i z a t i o n  
of bottom and banks. 

Where i t  i s  necessary  t o  conserve water  by l i m i t i n g  o r  e l imina t ing  
seepage, where high v e l o c i t y  flow occurs ,  o r  where channel ope ra t ion  
a t  high hydrau l i c  e f f i c i e n c y  i s  r equ i r ed ,  durable ,  r e l a t i v e l y  im- 
pervious l i n i n g s  such a s  concre te  o r  a s p h a l t i c  conc re t e  may be used. 
For r e l a t i v e l y  s h o r t  reaches grouted rock r i p r a p  may be used. Such 
l i n i n g s  may be requi red  where channel right-of-way is  l imi t ed .  

The usua l  shape of c r o s s  s e c t i o n s  f o r  vege ta ted  cover ,  ungrouted 
rock,  grouted rock,  a s p h a l t i c  conc re t e ,  o r  o t h e r  non-s t ruc tura l  
s e c t i o n s  is t r apezo ida l .  For r e in fo rced  concre te ,  t h e  c ros s  
s e c t i o n  may be r ec t angu la r  o r  t r apezo ida l .  The type  of protec-  
t i o n  s e l e c t e d  w i l l  depend almost e n t i r e l y  on economics. The only 
s u r e  way t o  s e l e c t  t h e  most economical m a t e r i a l  is t o  prepare a 
pre l iminary  des ign  f o r  each and compare annual c o s t s .  

A s  a guide t o  t r i a l  s e l e c t i o n  of t h e  type  of l i n i n g ,  t h e  fol lowing 
approximate c r i t e r i a  a r e  presented:  



Rectangula r  r e i n f o r c e d  c o n c r e t e  channe l s  w i l l  show t h e  least 
annua l  c o s t  when v e l o c i t i e s  a r e  h i g h ,  r ights-of-way a r e  
expens ive ,  and w a l l  h e i g h t s  are 1 5  f e e t  o r  less. 

T r a p e z o i d a l  R/C channe l s  a r e  most economical  f o r  t h e  above 
c o n d i t i o n s  when right-of-way c o s t s  a r e  more moderate  and 
channe l  w a l l  h e i g h t s  a r e  q u i t e  g r e a t  ( u s u a l l y  over  1 5  f e e t ) .  

Loose r o c k  l i n i n g  i s  e f f i c i e n t  when v e l o c i t i e s  a r e  n o t  so  
g r e a t  as t o  r e q u i r e  ex t remely  l a r g e  rock  and t h i c k  s e c t i o n s ,  
and where r o c k  and f i l t e r  m a t e r i a l  a r e  a v a i l a b l e  from nearby 
sources .  

Grouted r o c k  l i n i n g  i s  g e n e r a l l y  economical o n l y  f o r  s h o r t  
reached o f  h i g h  v e l o c i t y  f low where ex t remely  l a r g e  r o c k  would 
be  r e q u i r e d  f o r  l o o s e  rock  l i n i n g .  

Channel l i n i n g s  c o n s t r u c t e d  of a s p h a l t i c  c o n c r e t e ,  pneumat ica l ly  
a p p l i e d  m o r t a r ,  pre-cas t  R / C  s l a b s  a r e  u s u a l l y  economical  on an  
annua l  c o s t  b a s i s  on ly  i n  s p e c i a l  s i t u a t i o n s  of a v a i l a b i l i t y ,  
s h o r t  p r o j e c t  l i f e  requ i rements ,  e t c .  

Grade Cont ro l  ~ t r u c t u r e & . /  

Var ious  t y p e s  of s t r u c t u r e s  may b e  used t o  reduce  t h e  g r a d i e n t  i n  
channel  r e a c h e s  where t h e  channe l  m a t e r i a l s  w i l l  n o t  resist t h e  
e r o s i v e  f o r c e s .  They can be d i v i d e d  i n t o  two c l a s s e s  - - open t o p  
s t r u c t u r e s  and c l o s e d  c o n d u i t  s t r u c t u r e s .  

Open top  s t r u c t u r e s ,  such a s  d rop  s p i l l w a y s  and c h u t e s ,  may be  con- 
s i d e r e d  f o r  u s e  w i t h  any s i z e  c h a n n e l s .  

Closed c o n d u i t  s t r u c t u r e s ,  such a s  c u l v e r t s ,  hooded i n l e t s  and drop 
i n l e t s  a r e  g e n e r a l l y  used i n  r e l a t i v e l y  smal l  channe l s .  

I n  t h e  d e s i g n  of g rade  c o n t r o l  s t r u c t u r e s  t h e  s i t e  c o n f i g u r a t i o n ,  
founda t ion ,  c o n d i t i o n s ,  a v a i l a b i l i t y  o f  c o n s t r u c t i o n  m a t e r i a l s ,  
h y d r a u l i c  and s t r u c t u r a l  adequacy, and economic f a c t o r s  should  be  
cons idered  . 
G e n e r a l l y ,  t h e  d e s i g n  p rocedure  f o r  grade c o n t r o l  r equ i rements  
should  i n c l u d e  t h e  fo l lowing :  

1. For t h e  channe l  r e a c h  s e l e c t e d ,  de te rmine  rhe t o t a l  f a l l  
between upst ream and downstream l i m i t s .  

2 .  For t h e  d e s i g n  d i s c h a r g e ,  t h e  s e l e c t e d  channe l  dimensions and 
t y p e  of channe l  p r o t e c t i o n  gen r a l l y  de te rmine  t h e  maximum 

2 0 1  a7 s t a b l e  channe l  gradient . -  



3 .  Using t h e  t o t a l  f a l l ,  l e n g t h  of channe l  r e a c h ,  and s t a b l e  g rade ,  
determine t h e  amount of f a l l  t o  be c o n t r o l l e d  by s t r u c t u r e ( s ) .  

4.  S e l e c t  t h e  t y p e  and s i z e  of g rade  c o n t r o l  s t r u c t u r e s  needed, 
based on s i t e  c o n f i g u r a t i o n ,  f o u n d a t i o n  c o n d i t i o n s ,  a v a i l a b i l i t y  
of c o n s t r u c t i o n  m a t e r i a l s ,  h y d r a u l i c  and s t r u c t u r a l  adequacy and 
economic f a c t o r s .  

S i n c e  channel  d imensions  and t y p e  o f  p r o t e c t i o n  d i r e c t l y  a f f e c t  t h e  
s t a b l e  g rade  and t h e  amount of f a l l  t o  be  c o n t r o l l e d  by s t r u c t u r e s ,  
a l t e r n a t e  d e s i g n s  should be made t o  s e l e c t  t h e  most p r a c t i c a l  and 
economical  o v e r a l l  p l a n .  

Open Top S t r u c t u r e s  

4 / 4 6 /  - -  S t r a i g h t  drop spi l lway-  T h i s  t y p e  of s t r u c t u r e  i s  e f f i c i e n t  
f o r  t h e  c o n t r o l  of r e l a t i v e l y  low heads  normal ly  up t o  10 f e e t .  It 
is v e r y  s t a b l e  f o r  heads  l e s s  t h a n  10 f e e t  and t h e  l i k e l i h o o d  of 
s e r i o u s  s t r u c t u r a l  damage is  more remote t h a n  f o r  o t h e r  t y p e s  of 
s t r u c t u r e s .  However, a  s t a b l e  g r a d e  below t h e  s t r u c t u r e  is e s s e n t i a l  
t o  s t a b i l i t y .  

A r e c t a n g u l a r  w e i r  i s  l e s s  s u s c e p t i b l e  t o  c logg ing  by d e b r i s  than  
t h e  openings  o f  o t h e r  s t r u c t u r e s  of comparat ive  d i s c h a r g e  c a p a c i t i e s .  
When p r o p e r l y  c o n s t r u c t e d ,  maintenance c o s t s  a r e  lower f o r  s t r a i g h t  
d r o p s  t h a n  f o r  o t h e r  t y p e s  of g r a d e  c o n t r o l  s t r u c t u r e s  f o r  most em- 
bankment and founda t ion  s o i l  c o n d i t i o n s .  It i s  r e l a t i v e l y  easy  t o  
c o n s t r u c t .  

L i m i t a t i o n s  t o  t h e  use  o f  t h e  drop s p i l l w a y  a r e :  

a. It i s  more c o s t l y  t h a n  some o t h e r  t y p e s  of s t r u c t u r e s  where t h e  
r e q u i r e d  d i s c h a r g e  c a p a c i t y  i s  l e s s  t h a n  100 c . f . s .  

b.  When t h e  t o t a l  head o r  drop is  g r e a t e r  t h a n  1 0  f e e t ,  i t  becomes 
c o s t l y  t o  s t a b i l i z e  t h i s  t y p e  of drop s t r u c t u r e  a g a i n s t  s l i d i n g .  

c. It  i s  n o t  a  f a v o r a b l e  s t r u c t u r e  where i t  i s  d e s i r e d  t o  use  tempo- 
r a r y  s p i l l w a y  s t o r a g e  t o  o b t a i n  a  l a r g e  r e d u c t i o n  i n  d i s c h a r g e .  

4 6 1  Box i n l e t  drop spil lway- . - - The box i n l e t  drop s p i l l w a y  can be 
used f o r  t h e  same purposes  a s  a  s t r a i g h t  drop s p i l l w a y .  One of i t s  
g r e a t e s t  u s e s  is f o r  g rade  and e r o s i o n  c o n t r o l  i n  open channe l s  
where t h e  wid th  of o u t l e t  i s  l i m i t e d .  It can a l s o  s e r v e  a s  a  t i l e  
o u t l e t  a t  t h e  head end of t h e  channe l .  



It is p a r t i c u l a r l y  adapted t o  narrow channe l s  where i t  is  n e c e s s a r y  
t o  p a s s  l a r g e  f lows  of wa te r .  The l o n g  c r e s t  of t h e  box i n l e t  
p e r m i t s  l a r g e  f lows  t o  p a s s  over  i t  w i t h  r e l a t i v e l y  low heads ,  and 
t h e  wid th  o f  t h e  s p i l l w a y  need be  l i t t l e ,  i f  any ,  g r e a t e r  t h a n  t h a t  
of t h e  e x i t  channel .  The box i n l e t  drop s p i l l w a y  can  b e  e a s i l y  
combined w i t h  a b r i d g e  t o  p r o v i d e  a road  c r o s s i n g .  The h i g h  p o r t i o n  
of t h e  s i d e w a l l s  can b e  used as abutments f o r  t h e  b r i d g e .  

The s t r u c t u r a l  d e s i g n  of t h e  box i n l e t  drop s p i l l w a y  is more complex 
t h a n  f o r  s t r a i g h t  drop s p i l l w a y s .  

461. - - I s l a n d - t y p e  spil lway- The i s l a n d - t y p e  s p i l l w a y  c o n s i s t s  of 
a drop s t r u c t u r e  i n  t h e  channe l  w i t h  e a r t h  emergency s p i l l w a y s  f o r  
c a r r y i n g  s t o r m  f low around t h e  s t r u c t u r e .  E i t h e r  t h e  s t r a i g h t  
drop s p i l l w a y  o r  t h e  box i n l e t  drop s p i l l w a y  can be used.  When 
t h e  w e i r  l e n g t h  o f  t h e  s t r u c t u r e  is g r e a t e r  t h a n  t h e  bottom wid th  
of t h e  channe l ,  t h e  box i n l e t  drop s p i l l w a y  shou ld  be cons idered .  
T h i s  t y p e  o f  s p i l l w a y  is  a d a p t a b l e  f o r  u s e  a t  t h e  head end of 
channe l s  t o  c o n t r o l  t h e  o v e r f a l l .  It i s  p a r t i c u l a r l y  adapted t o  
s i t e  c o n d i t i o n s  where t h e  d e s i g n  runof f  volume is  g r e a t e r  t h a n  t h e  
c a p a c i t y  o f  t h e  o u t l e t  channe l  i n t o  which t h e  s t r u c t u r e  empt ies .  
The use  of t h i s  t y p e  of g r a d e  c o n t r o l  s t r u c t u r e  is  l i m i t e d  t o  areas 
where t h e r e  i s  s u f f i c i e n t  n e a r l y  l e v e l  l a n d  on e i t h e r  s i d e  of t h e  
channe l  f o r  u s e  a s  e a r t h  s p i l l w a y s .  Topography of  t h e  ground must 
b e  such t h a t  t h e  p a t h  of over f low around t h e  s t r u c t u r e  w i l l  r e t u r n  
t o  t h e  channe l  l o c a t i o n s  a s h o r t  d i s t a n c e  below t h e  s t r u c t u r e  w i t h o u t  
caus ing  damage t o  t h e  l and  o r  channe l  banks.  

The i s l a n d - t y p e  s p i l l w a y  i s  p r o p o r t i o n e d  s o  t h a t  t h e  channe l  w i l l  
be  f u l l  b e f o r e  t h e  over f low around t h e  dam e n t e r s  t h e  channe l ,  
t h e r e b y  e l i m i n a t i n g  t h e  p o s s i b i l i t i e s  of bank e r o s i o n  from f low 
over  t h e  bank. To accomplish  t h i s ,  t h e  c r e s t  of t h e  we i r  must be  
s e t  below t h e  bottom e l e v a t i o n  o f  t h e  e a r t h  s p i l l w a y ,  a  d i s t a n c e  
s u f f i c i e n t  t o  p r o v i d e  a  w e i r  n o t c h  c a p a c i t y  between t h e s e  two 
p o i n t s  e q u a l  t o  t h e  bank f u l l  c a p a c i t y  of t h e  channe l  a t  t h e  p l a c e  
where t h e  f low from t h e  a u x i l i a r y  s p i l l w a y  w i l l  e n t e r  t h e  channe l .  
Larger  f lows  w i l l  t h e n  p a s s  around t h e  e a r t h  embankment of t h e  drop 
s p i l l w a y  forming a n  i s l a n d  composed of t h e  drop s p i l l w a y  and t h e  
headwal l  e x t e n s i o n  l e v e e s .  The waterway above t h e  s t r u c t u r e  must 
have t h e  same c a p a c i t y  a s  t h e  channe l  below t h e  dam a t  t h e  p o i n t  of 
overf low.  The i s l a n d  s p i l l w a y  shou ld  be  s o  p r o p o r t i o n e d  t h a t  e a r t h  
s p i l l w a y s  w i l l  b e g i n  t o  f10.w as soon a s  t h e  channe l  c a p a c i t y  f low 
has  been reached.  I n  o r d e r  t o  f o r c e  over f low wate r  away from t h e  
dam and p r o t e c t  t h e  f i l l  from washing o u t  around t h e  dam, l e v e e s  
ex tend ing  each way from t h e  dam must be p rov ided .  

The i s l a n d - t y p e  s t r u c t u r e  p e r m i t s  t h e  u s e  of  a s p i l l w a y  having a  
c a p a c i t y  l e s s  t h a n  would be r e q u i r e d  t o  hand le  t h e  t o t a l  runof f  peak 
d i s c h a r g e .  It r e q u i r e s  t h e  c o n s t r u c t i o n  of a u x i l i a r y  s p i l l w a y s  i n  
a r e a s  t h a t  may be  c rop land  where maintenance of t h e  c o r r e c t  g r a d e  
and e l e v a t i o n  is  d i f f i c u l t .  



4 4 1  461 Concrete chu te  spillway- - . - - The conc re t e  chute  i s  p a r t i -  
c u l a r l y  adapted t o  h igh  o v e r f a l l s  where a  f u l l  f low s t r u c t u r e  is  
r equ i r ed  and where s i t e  cond i t i ons  do no t  permit  t h e  use of a  
de ten t ion- type  s t r u c t u r e .  

Chutes may be more economical than  drop i n l e t  s t r u c t u r e s  of t h e  
same capac i ty  and drop when l a r g e r  c a p a c i t i e s  a r e  r equ i r ed .  

Closed Conduit S t r u c t u r e s  

4 6 1 .  - - Hooded i n l e t  spillway- The hooded i n l e t  sp i l lway  is  b e s t  
adapted f o r  use  a t  s i t e s  where t h e  p ipe  can be  i n s t a l l e d  i n  t h e  
o r i g i n a l  ground. Construct ion i s  complicated when t h e  p ipe  i s  
placed i n  t h e  embankment. 

The hooded i n l e t  sp i l lway  w i l l  f low completely f u l l  f o r  condui t  
s l o p e s  up t o  36 percent  ( t he  l i m i t  of p r e sen t  t e s t s )  i f  t h e  length  
of t h e  hood is  p rope r ly  s e l e c t e d  and t h e  head on t h e  i n l e t  i s  
s u f f i c i e n t .  A s  compared wi th  t h e  drop i n l e t ,  i t  has  t h e  advantage 
t h a t  no riser is requi red  and t h e r e  is less f i l l  over  t h e  pipe.  
It is s imple t o  f a b r i c a t e  and i n s t a l l  and is comparat ively low 
i n  c o s t .  

4 6 1  - - Drop i n l e t  spillway- . The drop i n l e t  i s  an  e f f i c i e n t  s t r u c t u r e  
i n  t h e  c o n t r o l  of  r e l a t i v e l y  h igh  heads.  It i s  w e l l  adapted t o  si tes 
providing an app rec i ab l e  amount of temporary s t o r a g e  above t h e  i n l e t .  
It may a l s o  be  used i n  connect ion wi th  r e l a t i v e l y  low heads,  a s  i n  
t h e  case  of a  drop i n l e t  on a  road c u l v e r t .  

For h igh  heads,  drop i n l e t s  r e q u i r e  less m a t e r i a l  than a  drop s p i l l -  
way under similar circumstances.  Where an app rec i ab l e  amount of 
temporary s t o r a g e  is  a v a i l a b l e ,  t h e  capac i ty  of t h e  s t r u c t u r e  can 
be  m a t e r i a l l y  reduced. Besides a f f e c t i n g  a r educ t ion  i n  c o s t ,  t h i s  
r educ t ion  of d i s cha rge  r e s u l t s  i n  a  lower peak channel flow below, 
and can be a  f avo rab l e  f a c t o r  i n  channel  grade s t a b i l i z a t i o n  and 
f lood  con t ro l .  

Drop i n l e t s  a r e  s u b j e c t  t o  plugging by deb r i s .  They a r e  l i m i t e d  
t o  l o c a t i o n s  where s a t i s f a c t o r y  e a r t h  embankments and emergency 
sp i l lways  can be  cons t ruc ted .  

Culver t  drop b o e l .  - - Drop boxes a r e  used t o  c o n t r o l  g r ad i en t s  
above c u l v e r t s  i n  e i t h e r  n a t u r a l  o r  cons t ruc ted  channels  and, i n  
a d d i t i o n ,  they may s e r v e  a s  an o u t l e t  s t r u c t u r e  f o r  t i l e  l i n e s  i n  
dra inage .sys tems .  C a t t l e  ramps can be incorpora ted  i n t o  t h e  des ign  
of t h e  box when t h e  c u l v e r t  is  used a s  a  c a t t l e  pass .  The drop box 
is  very  e f f e c t i v e  f o r  roadway e r o s i o n  c o n t r o l .  

The drop box is one of t h e  most economical s t r u c t u r e s  f o r  con- 
t r o l l i n g  o v e r f a l l s  because t h e  e x i s t i n g  c u l v e r t  and roadway 
embankment r ep l aces  t h e  o u t l e t  p o r t i o n  of t h e  t y p i c a l  drop s p i l l -  
way. It has  t h e  advantage of t h e  box i n l e t  drop sp i l lway  i n  t h a t  



weir  l eng th  can be f i t t e d  t o  a  narrow waterway. 

Other S t r u c t u r e s  

General 

A comprehensive channel des ign  f r equen t ly  r e q u i r e s  t h e  incorpora t ion  
of one o r  more of t h e  fol lowing s t r u c t u r e s  and/or  p r a c t i c e s :  

1. channel c ros s ings ;  

2 .  channel j unc t ion  s t r u c t u r e s ;  

3 .  s i d e  i n l e t  s t r u c t u r e s ;  

4 .  water l e v e l  con t ro l  s t r u c t u r e s .  

Channel Crossings 

Channel c ros s ings  a r e  requi red  where p r i v a t e  o r  pub l i c  roadways pas s  
over t h e  channel.  S t r u c t u r e s  used f o r  t h i s  purpose a r e  stream fo rds ,  
c u l v e r t s ,  and br idges .  

Stream ford&/. . -  - Stream f o r d s  a r e  i n s t a l l e d  on the  channel 
su r f ace .  They provide t h e  most economical type of c ross ing .  They 
can be cons t ruc ted  of r e in fo rced  concre te ,  compacted rock,  o r  broken 
concre te .  

Stream f o r d s  a r e  b e s t  s u i t e d  f o r  u se  i n  t h e  upper ends of channels .  
They should not  be i n s t a l l e d  where deep f lows of long du ra t ion  w i l l  
prevent normal use ,  

Culverts .  - - Culver t s  of concre te  o r  metal  p ipes  a l s o  provide an 
economical c ros s ing  when used a t  l o c a t i o n s  where t h e  flow is 
r e l a t i v e l y  smal l ,  and where s e r i o u s  r e s i s t a n c e  t o  t h e  flow of 
water is  no t  a  l i m i t i n g  f a c t o r  i n  ov r a l l  channel design.  For 7 hydrau l i c  des ign ,  s e e  page 6-29 of 2 . 
Bridges. - - Bridges of concre te  o r  t imber should be used when 
necessary on most open channels t h a t  a r e  designed t o  capac i ty  on 
low g rad ien t s .  Since they do n o t  o f f e r  s e r i o u s  r e s i s t a n c e  t o  t h e  
flow of water ,  they  a r e  p r e f e r r e d  over c u l v e r t s ,  espe i a l l y  f o r  7 high flows. For hydraul ic  des ign ,  s e e  page 6-32 of 2 . 
Channel Junc t ion  S t ruc tu re s  

Where two main channels j o i n ,  wave formation can be minimized i f  
t h e  two f lows a t  the junc t ion  a r e  a s  nea r ly  p a r a l l e l  a s  poss ib l e .  
The design c r i t e r i a  f o r  s t r u c t u r e s  a t  a  j unc t ion  of 2 t r a p e z o i d a l  
o r  2 r ec t angu la r  channels is  shown on Fig.  5-1. 



Side  I n l e t  S t r u c t u r e s  

Provis ions  should always be made f o r  lowering s u r f a c e  water from 
adjo in ing  f i e l d s  t o  t h e  main channel without  s e r i o u s  e ros ion .  
P ipe  sp i l lways ,  drop sp i l lways ,  and chutes  a r e  t h e  more common 
types  of s t r u c t u r e s  used f o r  s i d e  i n l e t s .  

S ide  i n l e t  s t r u c t u r e s  should empty i n t o  a r eas  recessed  i n  t h e  banks 
of t h e  main channel.  Construct ion i n  t h i s  manner w i l l  minimize 
damage by t h e  movement of f loodwater ,  d e b r i s ,  o r  i c e ,  and a l s o  
w i l l  cause l e s s  re ta rdance  of flow i n  t h e  main channel.  

P ipe  spi l lway&/.  - - Pipe  sp i l lways  can be used advantageously 
t o  convey water  from bank of l evees  and continuous s p o i l  banks i n t o  
a  channel. The hooded i n l e t  i s  most e f f i c i e n t  where d ischarge  capa- 
c i t y  i s  a  problem. The f l a r e d  i n l e t  i s  l e s s  e f f i c i e n t  bu t  f a c i l i -  
t a t e s  t h e  pass ing  of d e b r i s  such a s  corn s t a l k s  and grasses .  The 
p ipe  drop i n l e t  is  e f f i c i e n t  and can be used a s  a  t i l e  o u t l e t .  
When t h e  r equ i r ed  p ipe  s i z e  exceeds 48-inches i n  diameter ,  an open 
top  s t r u c t u r e  should be considered f o r  economy. 

Drop spillway&/. - - Drop sp i l lways  a r e  gene ra l ly  used where t h e  
volume of water  t o  be handled is  l a r g e .  They can be used as a t i l e  
o u t l e t  s t r u c t u r e .  The drop sp i l lway f i t s  condi t ions  where t h e r e  is 
no s p o i l  bank and func t ions  we l l  a t  t h e  head end of a channel. 

Reinforced conc re t e  chute*/. - - Concrete chutes  func t ion  we l l  
where the.volume of water t o  be handled is l a r g e  and t h e  o v e r f a l l  
is such t h a t  a drop sp i l lway w i l l  no t  be economical. 

Vegetated c h u t e / .  - - This  t ype  of chute  should be l imi t ed  t o  
s m a l l  watersheds and s i t e s  where good, dense sod can be developed 
and maintained. The water course  below the  chute must be s t a b l e .  
When the  channel below t h e  chu te  is  narrow o r  cond i t i ons  a t  t h e  
lower end of t h e  chute may n o t  be favorable  t o  e s t a b l i s h  and main- 
t a i n  vege ta t ion  because of poor s o i l  o r  rocky o r  w e t  condi t ions  o r  
s i l t a t i o n  from adjacent  channels  o r  s t reams,  a  toewal l  should be 
used. The toewal l  w i l l  r a i s e  t h e  end of t h e  sod chute  above t h e s e  
unfavorable  cond i t i ons  and permit  t h e  maintenance of a  good vegeta- 
t i o n .  The toewal l  i s  a  small  drop sp i l lway wi th  a headwall gene ra l ly  
1 t o  2 f e e t  i n  he ight .  

A vegeta ted  chu te  i s  economical s i n c e  m a t e r i a l  and cons t ruc t ion  
c o s t s  a r e  gene ra l ly  low. Use is  l i m i t e d  t o  sites where t h e  v e l o c i t y  
of flow i n  t h e  chute  is low enough t o  maintain t h e  v e g e t a t i v e  cover.  
This  gene ra l ly  l i m i t s  t he  use  of vege ta ted  chutes  t o  small  water 
courses  wi th  low o v e r f a l l s  where t h e r e  i s  no long,  sus t a ined  flow. 



Riprap c h u t e ' .  - - A rock r i p r a p  chu te  provides a  more s t a b l e  
o u t l e t  than  a  vege ta ted  chute.  The use  of n a t i v e  rock may make i t  
less expensive than  a  p ipe  o r  concre te  s t r u c t u r e  of comparable s i z e .  
It i s  a permanent type  f a c i l i t g  r e q u i r i n g  l e s s  maintenance than a  
vege ta ted  chute.  

Rock r i p r a p  l i n e d  chutes  a r e  l imi t ed  t o  a r e a s  where s u i t a b l e  
du rab le  cobbles  o r  rock a r e  a v a i l a b l e  f o r  cons t ruc t ion .  It 
r e q u i r e s  c a r e f u l  adherence t o  t h e  b a s i c  d e t a i l s  of design i n  t h e i r  
cons t ruc t ion  t o  ob ta in  s a t i s f a c t o r y  performance and s t a b i l i t y .  

Gabion chute!?!?/. - - The gabion chute  is  s i m i l a r  t o  t h e  r i p r a p  
chute  except t h a t  t h e  rock is  placed i n  wire  baske ts .  It is p a r t i -  
c u l a r l y  adaptable  t o  uns t ab le  foundat ion cond i t i ons  because of i ts  
a b i l i t y  t o  a d j u s t  and r e t a i n  i t s  gene ra l  s e c t i o n  wi th  displacement 
o r  compression of t h e  foundation. The oppor tuni ty  t o  f i l l  i t  wi th  
n a t i v e  rock and cobbles  makes its c o s t  favorable  i n  comparison wi th  
re inforced  concre te .  General ly ,  by t h e  t i m e  t h e  long- las t ing  wire  
baske ts  d e t e r i o r a t e ,  t h e  s t r u c t u r e  w i l l  be s o  we l l  e s t ab l i shed  and 
bound toge the r  t h a t  i t  w i l l  remain i n d e f i n i t e l y  without  t h e  need 
for  added p ro t ec t ion .  

Water Level Control  structure&' 

Water l e v e l  c o n t r o l  s t r u c t u r e s  a r e  used t o  r e g u l a t e  and maintain 
water  i n  channels f o r  water t a b l e  c o n t r o l  o r  f o r  f looding  land su r -  
f aces .  The c o n t r o l  is  accomplished by use of g a t e s  o r  s top  l o g s  
t h a t  can be f i t t e d  i n t o  s e v e r a l  types  of s t r u c t u r e s .  The most common 
types  used a r e  drop sp i l lways ,  box i n l e t s  o r  c u l v e r t s ,  and open 
flumes. 

Design Fea tures  Related t o  Maintenance 

Channels must be proper ly  maintained t o  func t ion  a s  designed. 
Maintenance can be made e a s i e r  and more e  f e c t i v e  i f  c e r t a i n  

2 f f e a t u r e s  a r e  incorporated i n  t h e  design.- 

Added Depth o r  Capacity f o r  Deposi t ion 

Allowance should be made i n  t h e  des ign  f o r  i n i t i a l  sloughing and 
sedimentat ion.  Quite o f t e n  dur ing  t h e  f i r s t  year  a f t e r  cons t ruc t ion ,  
t h e  channel bottom w i l l  be r a i s e d  from sloughings l e f t  by cons t ruc t ion  
equipment. S o i l  and seepage cond i t i ons  a f f e c t  bank sloughing and 
s i l t i n g .  The sedimentat ion problem must be considered i n  t h e  des ign  
s o  t h s t  dep th  and capac i ty  w i l l  be provided over a  per iod of yea r s  i n  
l i n e  wi th  economy. 



Rela t ionship  of S ide  Slopes t o  Maintenance Methods 

The s lope  of channel banks may be  dependent on t h e  type  of main- 
tenance a s  w e l l  a s  on s o i l  condi t ions ;  f o r  example 3 : l  s lopes  o r  

2 f f l a t t e r  a r e  u s u a l l y  needed f o r  banks t o  be mowed.- 

B e r m s  

Berms may be used t o  f a c i l i t a t e  maintenance by: 

1. Prevent ing m a t e r i a l  from washing o r  r o l l i n g  i n t o  t h e  channel.  

2. Providing work a r e a s  and f a c i l i t a t i n g  spreading of s p o i l  banks. 

3 .  Providing acces s  roadways. 

Berm design may fo l low t h e  gene ra l  p r a c t i c e  of t h e  l o c a l i t y  where 
t h e  channel is t o  be  cons t ruc ted ,  provided proper  loading and s o i l  
condi t ions  a r e  used. Guidance t o  minimum berm widths  is given on 
NEH, Sec t ion  I&/, page 6-19, and National  Standard and Spec i f ica-  
t i o n  Guide f o r  Dikes and Levees. 

Maintenance Roadways 

Roadways should be provided f o r  acces s  t o  t h e  channel w i th  main- 
tenance equipment and f o r  i n spec t ion .  They can b e  loca t ed  on 
berms, s p o i l  banks, o r  levees .  On channels i n  excess  of 20' top  
width,  roadways may be requi red  on both s i d e s  of t h e  channel. 
The roadway should be wide enough t o  handle a l l  maintenance 
equipment and should s lope  away from t h e  channel.  

Spo i l  

It is good p r a c t i c e  t o  spread s p o i l  banks t o  t h e  e x t e n t  t h a t  they 
can be  maintained proper ly  and can be used i n  t h e  same manner a s  
t h e  ad jo in ing  a rea .  The de e e  t o  which t h e  s p o i l  is spread depends 

287 upon t h e  l o c a l  conditions.- 

Entrance of S ide  Surface Water t o  Channel 

S ide  s u r f a c e  water  should no t  be 'a l lowed t o  s p i l l  over  t h e  channel 
bank without  p ro t ec t ion .  I n t e r c e p t i o n  d i t c h e s  should be  provided 
t o  c o n t r o l  l o c a l  dra inage  on t h e  land  s i d e  of t h e  berms o r  s p o i l  
banks throughout t h e  l eng th  of t h e  p r o j e c t .  These d i t c h e s  should 
be graded toward c o l l e c t i o n  p o i n t s  t o  d r a i n  i n t o  t h e  channel 
through l i n e d  chu te s ,  p ipe  drops and c u l v e r t s ,  o r  over  drop 
sp i l lways  . 



Seed ing  

The berms and s p o i l  should  be  seeded.  Q u i t e  o f t e n  t h e  channe l  s i d e  
s l o p e s  are a l s o  seeded.  The e x t e n t  t o  which s e e d i n g  i s  done depends 
upon t h e  l o c a t i o n  of t h e  channe l  and l o c a l  d e s i r e s .  S ide  s l o p e  
s e e d i n g  is a c c e p t e d  a s  good p r a c t i c e ,  p a r t i c u l a r l y  when f l a t  s i d e  
s l o p e s  a r e  used s o  t h a t  b o t h  s e e d i n g  and maintenance can be done 
economical ly .  

P i l o t  Channels 

O c c a s i o n a l l y  p i l o t  channels  a r e  used t o  f a c i l i t a t e  c o n s t r u c t i o n  of 
a channe l  sys tem as des igned .  The p r i n c i p a l  f u n c t i o n  of a  p i l o t  
channe l  i s  t o  lower t h e  water t a b l e  s u f f i c i e n t l y  t o  pe rmi t  deeper  
e x c a v a t i o n s  t o  be made w i t h  g r e a t e r  s a f e t y  and economy. T h i s  is  
accomplished by e x c a v a t i n g  t h e  p i l o t  channe l  a s  deep below t h e  
w a t e r  t a b l e  a s  p r a c t i c a l  w i t h o u t  caus ing  e x c e s s i v e  s loughing  of 
t h e  banks. C o n s t r u c t i o n  is  t h e n  d e f e r r e d  u n t i l  t h e  wa te r  t a b l e  
is lowered and t h e  banks become more s t a b l e .  



GLOSSARY OF SYMBOLS 

A - al ignment  f a c t o r  t o  a d j u s t  t h e  b a s i c  v e l o c i t y  because  of t h e  
e f f e c t s  o f  c u r v a t u r e  of t h e  channe l .  

A - a r e a  of f low. ( f t 2 )  

b - bottom wid th  of a  channel  ( f e e t ) .  

bT - water  s u r f a c e  width  ( f e e t ) .  

B - bank s l o p e  f a c t o r  t o  a d j u s t  t h e  b a s i c  v e l o c i t y  because  of t h e  
e f f e c t s  o f  d i f f e r e n t  bank s l o p e s .  

C - sediment c o n c e n t r a t i o n  i n  p a r t s  p e r  m i l l i o n  by weight .  

C1, C 2 ,  C 3 ,  C q ,  C 5  - c o e f f i c i e n t s  used t o  de te rmine  channe l  propor- 
t i o n s  and s l o p e  when u s i n g  t h e  modif ied regime 
e q u a t i o n s .  

Ce - Dens i ty  f a c t o r  t o  a d j u s t  t h e  b a s i c  v e l o c i t y  because  of v a r i a t i o n s  
i n  t h e  d e n s i t y  of s o i l  m a t e r i a l s  i n  t h e  channe l  boundary. 

'rn - cohesion i n t e r c e p t  a t  n a t u r a l  m o i s t u r e    sf). 

d  - d e p t h  of f low ( f e e t ) .  

d, - c r i t i c a l  d e p t h  of f low ( f e e t ) .  

dm - mean d e p t h  of f low ( f e e t ) .  

D - d e p t h  f a c t o r  t o  a d j u s t  b a s i c  v e l o c i t y  because  of t h e  e f f e c t s  
of t h e  d e p t h  of f l ow .  

Ds - t h e  p a r t i c l e  d iamete r  of which s% of t h e  sample i s  s m a l l e r .  

F - f requency f a c t o r  t o  a d j u s t  t h e  b a s i c  v e l o c i t y  because  of t h e  
e f f e c t  o f  i n f r e q u e n t  f l o o d  f lows .  

v 
F - Froude number = 

Jgd, 

g  - a c c e l e r a t i o n  due t o  g r a v i t y  ( f p s 2 ) .  

G - s p e c i f i c  g r a v i t y .  

H, - dep th  of t e n s i o n  c r a c k  ( f e e t ) .  

k, - c h a r a c t e r i s t i c  l e n g t h  of roughness  e lement ,  f o r  g r a n u l a r  m a t e r i a l .  

k, = D G 5  s i z e  i n  f e e t .  



K - c o e f f i c i e n t  modifying t r a c t i v e  f o r c e  f o r  g r a v i t a t i o n a l  fo rces  
on coa r se ,  noncohesive m a t e r i a l s  on channel s i d e s .  

n  - Manning's c o e f f i c i e n t .  

n - Manning's c o e f f i c i e n t  f o r  roughness of s o i l  g r a i n s .  
t 

P - wet t ed  perimeter .  

P I  - P l a s t i c i t y  index. 

qU - unconfined compressive s t r e n g t h .  

Q - discharge  ( c f s ) .  

Qs - sediment t r a n s p o r t  r a t e  ( t ons lday ) .  

R - hydraul ic  r ad ius  - f e e t  

Rc - r a d i u s  of curva ture  of c e n t r a l  s e c t i o n  of compound curve. 

Rt - hydrau l i c  r ad ius  a s soc i a t ed  wi th  g r a i n  roughness of t h e  s o i l .  

so - s lope  of channel bottom. 

s, - c r i t i c a l  s lope.  

se - energy g rad ien t  

st - r a t e  of f r i c t i o n  head l o s s  because of t r a c t i v e  s t r e s s  a c t i n g  
on bed and s i d e  m a t e r i a l s .  

V - average v e l o c i t y  ( fp s ) .  

V, - al lowable v e l o c i t y  ( f p s ) .  

Vb - b a s i c  v e l o c i t y  ( f p s ) .  

V, - c r i t i c a l  v e l o c i t y  ( f p s ) .  

W - average width of flow - ft. 

WT - top  width of flow - f t .  

ks x - f a c t o r  desc r ib ing  e f f e c t  of r a t i o  - on flow re s i s t ance .  
6 

z - cotangent  of s i d e  s l o p e  angle .  

T - f a c t o r  t o  c o r r e c t  a l lowable t r a c t i v e  f o r c e  f o r  ma te r i a l s  
with D 7 5  > 0.25" f o r  u n i t  weights  d i f f e r e n t  than 160 pcf .  



y - u n i t  weight of water (pc f ) .  

Yd 
- dry  u n i t  weight (pcf ) .  

'm - moist  u n i t  weight (pcf ) .  

Ys 
- u n i t  weight of p a r t i c l e s  l a r g e r  than 0.25" (pc f ) .  

yw - u n i t  weight of water (62.4 p c f ) .  

6 - t h i ckness  of laminar sublayer  = 
1 1 . 6 ~  

/@t Se 

fl - ang le  of shear ing  r e s i s t a n c e .  

flm - ang le  of shear ing  r e s i s t a n c e  a t  n a t u r a l  moisture content .  

gr - ang le  of repose of coa r se  noncohesive m a t e r i a l s .  

v - kinematic  v i s c o s i t y  of water ( f t 2 / s e c ) .  

p - water d e n s i t y  ( l b - s e c 2 / f t 4 ) .  

r - r e f e rence  t r a c t i v e  stress ( p s f ) .  

r - t r a c t i v e  s t r e s s  i n  an i n f i n i t e l y  wide channel ( p s f ) .  
03 

T - maximum t r a c t i v e  s t r e s s  on t h e  channel bed ( p s f ) .  
b  

r - maximum t r a c t i v e  s t r e s s  on t h e  channel s i d e s  ( p s f ) .  
s 

T - maximum t r a c t i v e  s t r e s s  on t h e  bed i n  a  curved reach ( p s f ) .  
bc 

T - maximum t r a c t i v e  s t r e s s  on t h e  s i d e s  i n  a  curved reach ( p s f ) .  
s C 

T ~ b -  
a l lowable t r a c t i v e  s t r e s s  along t h e  bed. ( p s f )  

r - a l lowable  t r a c t i v e  stress along t h e  s i d e s  ( p s f ) .  
L s 
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